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Foreword
The ACS Symposium Series was first published in 1974 to provide a

mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface
The focus of this volume is the characterization of monoclonal antibodies

(mAbs). A significant body of work has been written both within this book series
(see Volume 1) and elsewhere on the importance of the subject; however, several
unique aspects of the current series are highlighted in this volume. The book
focuses both on general aspects, techniques, and regulatory concerns common
to any recombinant protein, as well as specific analytical results, in that it deals
primarily with one mAb, the NISTmAb. Volume 2 therefore serves as both a
foundational body of NISTmAb product knowledge as well as an evaluation
of its suitability as an industry-appropriate reference material (RM). Volume
2 contains representative methods and associated data for the NISTmAb. The
extent and quality of the data collected is comparable to that in a Biologics
License Application (BLA). The number and quality of the researchers who have
provided data on the NIST RM and perspective on the development of mAbs in
general is unparalleled. The material is already being used throughout industry
and is driving the adoption of new techniques. The need for the book and material
go hand in hand, and therefore the NISTmAb will be made widely available to
the community as NIST Reference Material 8671 shortly after publication of
this series. The combination of an industry-driven book series and a material
available for open innovation of analytical technologies represents a significant
stride forward in the attempt to increase standardization and the use of standards
within the biopharmaceutical industry.

In Volume 1, a framework was presented, detailing what potential critical
quality attributes (PCQAs) should be measured when developing mAbs; offering
a risk-based approach to determining and quantifying PCQAs as “nice to
haves” versus when they are “must haves”; specifying to what level PCQAs
must be measured; and ultimately, explaining why it all matters. In Volume 2,
we attempt to use that framework as a guide to deduce key biochemical and
biophysical parameters of the NIST RM. The ultimate goal of Volume 2 is helping
researchers have the clearest picture possible of the NIST RM specifically and
mAb characterization in general; describing what assays have been helpful in
determining and quantifying which biochemical and biophysical attributes; and
hopefully, highlighting where this knowledge can help researchers in their daily
practice. Using the data found in Volume 2, an attempt is made to align the
key attributes or PCQAs with the outcome of the analytical testing regime. In
Volume 3, we address gaps identified either in Volume 1 or 2, utilizing emerging
technologies that are just now finding their way into laboratories and gaining
general acceptance.

ix
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A typical laboratory within a biopharmaceutical organization is a mixed bag
of instrumentation that reflects the toolbox approach used by most companies
to address wide-ranging questions. Each question generally has several levels
of answers that depend on the stage or phase that the potential therapeutic
has reached. In an attempt to provide a structure that is generally nonexistent
experimentally, the nine chapters that comprise Volume 2 are organized in a logical
flow going from primary structure (the paramount attribute) to modifications of
the primary structure (post-translational modifications [PTMs]) and glycosylation,
a specific type of PTM. Multifarious separation techniques, which are designed
to provide orthogonal information of the purity, and a spectrum of biophysical
techniques, which are used to probe higher order structure, are introduced
next. Finally, technologies for detection and characterization of particulates
and process-related impurities are discussed. Several of the techniques, such
as peptide mapping or size exclusion chromatography (SEC), may be used
throughout several of the chapters, but the focus of the techniques change to fit
the question.

Chapter 1 of Volume 2 deals with primary structure determination. It uses
several techniques common in the field, including intact protein analysis; top-
down sequencing; subunit and IDeS (partial digestion) followed by middle-down
sequencing and peptide mapping using various enzymes; and targeting to obtain
reliable information on the entire protein, its constituent domains, and peptides
as building blocks comprising the primary structure. The totality of evidence
from various data sets provides a confidence in the primary structure of the NIST
RM. In addition, presented data suggests that the NIST RM is low in variants
such as fragments and other PCQAs (Table 1, Heterogeneity chapter/Volume 1,
Chapter 3). The assays used cover those outlined for primary structure in Table
1 of the Well Characterized chapter/Volume 1, Chapter 4, as well as others. The
primary structure and any even minor variants thereof must be ascertained to the
highest degree possible. If any potential modifications exist that could impact
the efficacy (antigen binding and other mechanisms of action) or safety (potential
immunogenicity or aberrant clearance), they must be characterized and quantified
to a level appropriate for the phase the product is in.

Chapters 2, 3, and 4 of Volume 2 build upon the primary structure by focusing
on sequence variants of the primary structure, PTMs of the primary structure,
and glycosylation (a key PTM), respectively. Chapter 3 was an interlaboratory
study directed at identifying, characterizing, and quantifying PTMs ranging
from deamidation to oxidation (Table 1). The chapter highlights that while
most laboratories may identify a peptide with a PTM correctly, localization
and quantification of the modification calls for additional criteria and should be
done with caution. Chapter 2 deals with the identification and quantification of
sequence variants (amino acid substitutions, omissions, or insertions not encoded
by the DNA vector). It is important to note that whereas Chapter 1 calls out a
sequence that is predicted from the DNA, Chapter 2 highlights that there are
alternate sequences based upon modifications to the DNA or due to protein
synthesis by living organisms. Sequence variant analysis (SVA) is a complex
analysis that typically deals with very low-level species, but it is critical in order
to establish a robust cell line and ensure its stability suitable for production of

x
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large quantities of a mAb. Chapter 4 is an in-depth and exhaustive analysis
of glycosylation, which is a key attribute of mAbs due to its importance for
stability, receptor binding, and clearance (Mechanisms of Action chapter/Volume
1, Chapter 2).

Chapter 5 of Volume 2 covers separations and orthogonal techniques.
The assays used in this chapter (cation exchange-high-performance liquid
chromatography [CEX-HPLC], SEC, reversed-phase HPLC [RP-HPLC],
hydrophobic interaction chromatography [HIC], reduced and non-reduced sodium
dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE], reduced
and non-reduced capillary electrophoresis with SDS [CE-SDS], microchip
electrophoresis with SDS [MCE-SDS], capillary zone electrophoresis [CZE] and
capillary isoelectric focusing [cIEF]) cover many of the stability-indicating assays
used to demonstrate process and product consistency (Table 1, Heterogeneity
chapter/Volume 1, Chapter 3; Table 1, Well Characterized chapter/Volume 1,
Chapter 4).

Chapters 6, 7, 8, and 9 of Volume 2 transition from the characterization
and stability-indicating assay focus of the earlier chapters into higher order
structure, aggregation, and process-related impurities. Biophysical techniques
used in determining higher order structure is the subject matter of Chapter 6.
Chapter 7 covers developabilty assessment of therapeutic proteins using a variety
of orthogonal technologies. Chapter 8 focusses on protein particulates ranging
from 0.1 µm to 100 µm, categorized as sub-visible/visible particles. Chapter 9 is
directed toward non-product-related quality attributes: process impurities (host
cell proteins, residual protein A from purification, and DNA).

Although each chapter can and does stand on its own, it is clear that the use
of the NIST RM as a standard in biochemical and biophysical assays is enhanced
by looking at the data holistically. In this sense, one can look for supporting data
between chapters or where the data from several assays are not consistent. For
instance, charge-based assays were used in Volume 2, Chapter 5, to quantify the
total acidic peak variants as 14.4% and 24.1% using CEX and cIEF, respectively.
A variety of acidic species were identified (and in some cases quantified) in other
chapters, and potential acidic species contributing to the sum include sialylation
(1.8% from Chapter 4, Glycosylation) as well as low-level deamidation and
glycation (Chapter 1, Primary Structure, and Chapter 3, PTMs). It is clear that
further explanation can be gleaned from considering the data in its totality, and
additional experiments may then be warranted based on the resultant comparison.
It also is evident that the overlap in assays between certain chapters provides
an opportunity to look at correlations between assays even when no attempt is
made at aligning methodologies. For example, the sialylation reported between
chapters is consistently within 1 to 2%, all chapters report low-level fragments,
and so forth.

Taken together, the totality of the data demonstrates that the NIST RM is
a stable monoclonal IgG1 molecule that can be used as a standard and system
suitability control in a wide variety of characterization assays. In addition,
the NIST RM also has enough heterogeneity to be useful in demonstrating
non-product-specific aspects of stability-indicating assays. We look forward to
the feedback from the biopharmaceutical and regulatory community as to their

xi
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intention on using the material in their assays and the potential need to extend the
IgG1 standard into other isotypes.

John E. Schiel
Research Chemist
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National Institute of Standards and Technology
Gaithersburg, Maryland 20899, United States
john.schiel@nist.gov (e-mail)

Darryl L. Davis
Associate Scientific Director
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Oleg V. Borisov
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Chapter 1

Determination of the NISTmAb
Primary Structure

Trina Formolo,1 Mellisa Ly,2 Michaella Levy,4 Lisa Kilpatrick,1 Scott
Lute,5 Karen Phinney,1 Lisa Marzilli,2 Kurt Brorson,5
Michael Boyne,4 Darryl Davis,3 and John Schiel*,1

1Biomolecular Measurement Division, National Institute of Standards and
Technology, Gaithersburg, Maryland 20899, United States

2Mass Spectrometry and Biophysical Characterization, Analytical Research
and Development, BioTherapeutics Pharmaceutical Sciences, Pfizer, Inc.,

Andover, Massachusetts 01810, United States
3Janssen Research and Development, LLC,

Spring House, Pennsylvania 19002, United States
4Center for Drug Evaluation and Research, Office of Testing and Research,
Division of Pharmaceutical Analysis, U.S. Food and Drug Administration,

Saint Louis, Missouri 63110, United States
5Center for Drug Evaluation and Research, Office of Biotechnology
Products, Division of Monoclonal Antibodies, U.S Food and Drug
Administration, Silver Spring, Maryland 20993, United States

*E-mail: john.schiel@nist.gov

The primary structure of a protein, including therapeutic
monoclonal antibodies (mAbs), is a critical quality attribute that
determines a great deal of its structure, function, and stability.
Significant effort is devoted to determining the complete amino
acid sequence of recombinant proteins of potential therapeutic
benefit. The focus of this chapter is to demonstrate current,
state-of-the-art, mass spectrometry-based primary structure
confirmation using the recombinant human IgG1ҝ NISTmAb
as a representative example. A combination of intact mass
analysis, top-down sequencing, IdeS fragment mass analysis,

© 2015 American Chemical Society
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IdeS fragment (or “middle-down”) sequencing, and peptide
mapping are discussed with respect to their orthogonality and
limitations. A historical review of the methods employed to
determine the primary structure of proteins is also included for
completeness.

Introduction

A protein’s primary structure consists of the linear sequence of its constituent
amino acid residues. Although the primary structure of a protein can be
predicted from the encoding gene sequence, the possibility of transcriptional,
co-translational, and post-translational events may alter the expressed protein,
including its amino acid sequence. This heterogeneity has been encompassed
by terms such as “protein isoform,” “protein variant,” and more recently,
“proteoform” has been proposed to describe the variability observed at the
expressed protein level (1). It is important to characterize the inherent
heterogeneity of a therapeutic product’s primary structure. This exercise of
primary structure confirmation has evolved through the years to include a variety
of methodologies, each of which in some way exploits the unique properties of
the peptide bond.

Proteins are a linear sequence of amino acid residues formed through a
condensation reaction that produces an alpha carbon chiral center. The amide
linkage (peptide bond) formed between the carboxyl and amino group of two
amino acids is the key aspect of polypeptide synthesis and stability. This peptide
stability is imparted by a resonant structure yielding partial double bond character.

The key experiment for determining the primary structure of a protein
was first performed by Frederick Sanger in 1951. Sanger used chemical
derivatization to selectively label the N-terminus of bovine insulin with the
yellow dye fluorodinitrobenzene, followed by hydrolysis, and electrophoretic
or chromatographic separation of the labeled N-terminal amino acid residue.
Through the use of multiple rounds of partial protein hydrolysis, fractionation,
and terminal amino acid determination, the entire sequence of the B chain of
insulin was determined (2). At the same time, the related technique of Edman
degradation was also being developed. In this technique, the Edman reagent
(phenylisothiocyanate) is used to react with the N-terminal amino acid of a protein
under weakly basic conditions. Addition of trifluoroacetic acid (TFA) causes an
intramolecular rearrangement that releases the labelled N-terminal amino acid,
which can then be identified by chromatographic methods (3). Important to
this technique is that partial hydrolysis of the protein is not required, such that
sequential cycles can be used to sequence the protein for up to 50 residues from
the N-terminus with automated sequencers (4) provided that the N-terminus was
not modified.

Early methods for complete protein amino acid sequencing combined
enzymatic protein cleavage followed by wet chemistry techniques such as Edman
sequencing and variations thereof. These methods include treatment with an
endopeptidase, a protease that cleaves between non-terminal amino acids of

2
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polypeptide chains, to first digest a protein into peptides. Early on, peptides were
resolved from these complex mixtures prior to sequencing using electrophoretic
techniques (5, 6). However, as high-performance liquid chromatography (HPLC)
methods were developed for the separation of peptides, they became the standard
means of fractionation applied to peptides intended for amino acid analysis or
Edman sequencing (7–11). Due to their smaller size, the complete amino acid
sequence of peptides can be determined using terminal sequencing techniques
such as Edman sequencing or related variations and later pieced together to
determine the complete primary structure of the protein. However, obtaining the
complete sequence of a protein using such methods is time consuming and thus
not feasible for the routine sequencing of larger proteins such as monoclonal
antibodies (mAbs).

Fortunately, advances in HPLC and more recently ultrahigh-pressure liquid
chromatography (UHPLC), mass spectrometry (MS), and their combination,
liquid chromatography-mass spectrometry (LC-MS), have provided a
high-throughput means of sequencing peptides generated by endopeptidase
digestion. Chromatographically separated peptides may be fragmented in the
mass spectrometer (tandem mass spectrometry, MS/MS or MS2) to provide
information on the linear sequence of the amino acids forming the peptide.
Although primary structure determination has largely moved to the more
high-throughput LC-MS- and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) based methods, Edman sequencing can still play a critical role as
a confirmatory technique, particularly in the case of a peptide containing one of
the isobaric residues, Leu or Ile.

LC-MS and LC-MS/MS are used in the field of proteomics to identify a
large number of proteins within a complex mixture. In a technique commonly
referred to as “bottom-up” proteomics analysis (12, 13), the detection of a limited
number of peptides matching the known sequence of an individual protein is
considered sufficient to confidently identify that protein within the mix. Similar
instrumentation and analytical methods are used for bottom-up approaches in the
biopharmaceutical industry; in this setting, however, LC-MS peptide mapping
techniques are used with the goal of obtaining full amino acid sequence coverage
and establishing a unique chromatographic peptide trace for a particular purified
protein. This method provides confirmation of the primary structure as well as
identification of post-translational modifications (PTMs). Common proteolytic
enzymes such as trypsin and lysyl endopeptidase (Lys-C) are typically employed
for peptide mapping in the biopharmaceutical industry. The use of peptide
mapping as a tool for protein sequencing is discussed later in this chapter.

In addition to peptide mapping, additional MS-based techniques that leverage
instrument improvements in resolving power, mass accuracy, and sensitivity have
been implemented in the biopharmaceutical setting. Larger proteins, as well as
individual subunits, antibody fragments, and domains, can be analyzed in much
greater detail with state-of-the-art MS. For example, the average mass of an
intact mAb can be measured by high-resolution mass spectrometers, resulting
in a mass accuracy below 50 ppm (14–16). Isotopic resolution can be achieved
after chemical and/or enzymatic treatments to cleave a mAb into constituent
components of smaller size and complexity. For example, a highly specific
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protease (IdeS) can be used to cleave the protein in the hinge region to produce
antibody fragments for accurate mass analysis (17–20). Alternatively, reduction
of a mAb into its constituent heavy (H) and light (L) chain subunits can be
performed to selectively monitor their accurate mass (21).

In addition to a direct mass analysis, MS/MS fragmentation of IgG fragments
and/or subunits can also provide sequence information in what has been termed
“middle-down” sequence analysis (19). Current sequencing efforts involve
fragmentation techniques such as collision-induced dissociation (CID), electron
transfer dissociation (ETD), higher energy collision dissociation (HCD), and
infrared multiphoton dissociation (IRMPD) (22–26). These techniques require
little to no sample preparation such as enzymatic digestion and can be used
as orthogonal approaches to bottom-up methods. Intact antibodies may also
be subjected to MS/MS fragmentation for top-down sequencing (27, 28). Due
to their size, however, the large number and variety of fragment ions produce
complex spectra that can be difficult to interpret (27). The pursuit of top-down
sequencing is therefore an ongoing effort that holds promise considering the
rapid development of modern bioinformatics platforms designed to automate the
identification of amino acid sequences from gas-phase fragmentation reactions.
Such advances will prove important not only for top-down sequencing of intact
mAbs, but for peptide mapping and middle-down applications as well.

In this chapter, data generated from analyses of the intact NISTmAb, IdeS
digestion fragments, and peptides will be used to confirm that its primary amino
acid sequence is consistent with the intended sequence. The techniques are
presented in order of the level of detail each technique is currently capable of
elucidating. Intact mass analysis provides confirmation of the protein molecular
weight and major heterogeneity (e.g., glycoforms); subunit analysis of IdeS
fragments provides additional localization of modifications; and peptide mapping
remains the confirmatory technique to provide up to 100% amino acid sequence
coverage of the protein. A discussion of the complementarity of intact and
subunit/fragment analyses to peptide mapping for primary structure verification
is also included. Some regulatory aspects, although not a focus of the chapter,
will also be discussed. Various methods and available techniques from multiple
contributors will be shown using different available technologies (columns, data
analysis software, and MS instruments).

We observed that a variety of primary structure analyses were required for
sequence confirmation, PTM analysis, and sequence variant analysis, each of
which may require specialized expertise and a combination of technologies. For
this reason, the NISTmAb reference material presented herein will be useful
for internal comparison of methods and for choosing appropriate platforms as
analytical technology evolves. The reference material may also be useful in
assay qualification exercises to demonstrate that multiple peptide mass mapping
approaches—different instruments, columns, and ionization techniques—can be
used to obtain high-quality data suitable for regulatory review.
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NISTmAb Primary Structure

The basic definition of primary structure is the linear sequence of amino acid
residues covalently linked by peptide bonds, which is read from the N-terminus
to the C-terminus (i.e., first to last translated amino acid) (29). Although this
definition describes a sequential linear arrangement, there is indeed “structure”
to this configuration of amino acids because many proteins are “branched”
(disulfide bonded thru intra- and inter-chain branches). Higher-order structure
also inevitably arises as a result of amino acid sequence due in part to the
interaction of atoms in space. Because only certain angles of alpha carbons and
backbone nitrogens are permissible, the side chain of a particular amino acid
within a sequence can interact with the functional groups of other residues within
a limited physical proximity. Such interacting residues may be many “linear”
amino acids away within the primary amino acid sequence and brought together
in space due to the sum of interactions between other residues within the sequence
to yield a final conformation. The term “primary structure,” therefore, is often
substituted for the term “primary sequence.” The rationale for this replacement
is that the sequence is the fundamental determinant of which distinct regions of
the protein will interact, thereby influencing the final three-dimensional structure
(Higher Order Structure chapter/Volume 3, Chapter 2).

Figure 1 shows a schematic representation of the NISTmAb IgG1κ reference
material, with the expected disulfide bond linkages and N-glycosylation sites
labeled. The corresponding primary amino acid sequence to be confirmed in the
current chapter is provided in Figure 2, with the domain structure color coding as
described in Figure 1. It should be noted that a variety of homology numbering
schemes have been developed for IgGs due to the high level of sequence similarity
(e.g., EU, Kabat) as discussed in the Mechanisms of Action chapter/Volume 1,
Chapter 2(30). For well-defined mAbs, however, the actual sequence number is
often used as described in Figure 1 and throughout this chapter for the NISTmAb.
A combination of intact, subunit/fragment, and peptide mapping analyses will be
sequentially described in the following sections to confirm the primary structure
of the humanized IgG1κ NISTmAb.
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Figure 1. Schematic representation of the NISTmAb. Humanized IgG1κ domains
are marked as variable (V) or constant (C) with subscripts for light (L) or heavy
(H) chain and distinct heavy chain domains numbered 1, 2, or 3 starting from
the N-terminus. Black lines indicate intra- and inter-chain disulfide bonds, with
cysteine residues numbered as they appear in the light or heavy chain sequence
starting from the N-terminus. The IdeS cleavage site is indicated with scissors,
and the N-glycosylation site is noted with a G2F N-glycan structure. (see color

insert)

6

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
1

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1201.ch001&iName=master.img-000.jpg&w=318&h=391


Figure 2. NISTmAb amino acid sequence. Antibody domains of the heavy
and light chains are distinguished by green (variable), dark blue (constant
1), red (hinge), medium blue (constant 2), or light blue (constant 3), and

complementarity-determining regions (CDRs) are underlined. The IdeS cleavage
site is indicated with scissors, and the N-glycosylation site is noted with a G2F

N-glycan structure. (see color insert)
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Molecular Mass Analysis of Intact mAb

The advent of electrospray ionization (ESI) and matrix-assisted laser
desorption ionization (MALDI) made the analysis of large protein molecules
possible by MS. MALDI is a robust ionization technique that results in
predominantly singly charged ions (31), whereas ESI produces an envelope of
charge states for a given protein (12). The multiple charging of intact proteins
with ESI allows analysis of proteins with molecular weights greater than the mass
range of the mass spectrometer. Deconvolution of the resulting multiple charge
states with ESI has become the method of choice for intact protein molecular
weight determination and can differentiate mAb glycoforms and other PTMs
when used with high-resolution mass spectrometers (32).

A range of low- and high-resolution mass analyzers have been applied to
the mass determination of intact mAbs. The highest resolution can be achieved
with Fourier transform ion cyclotron resonance (FTICR) mass spectrometers.
Recently, optimized FTICR conditions were developed to allow sufficiently long
transient lifetimes to achieve baseline unit resolution for an intact mAb (33). This
achievement has since been reproduced on additional FTICR instruments (34,
35); however, these instruments have yet to gain widespread application in the
biopharmaceutical industry.

Mass analyzers more routinely used for intact mAb analysis include the
quadrupole time-of-flight (QTOF) and Orbitrap mass spectrometers. The results
from the analysis of the intact mAb are used to rapidly provide information
on primary structure, some PTMs, and the multichain architecture of an intact
antibody. Confirming that the experimental molecular mass agrees with its
theoretical mass (within approximately 50 ppm or less) signifies that the antibody
likely has the intended primary structure.

Chromatographic separation prior to introduction into the mass spectrometer
can be used to improve throughput and sensitivity of MS-based intact
measurements. Reversed-phase-high-performance chromatography (RP-HPLC)
and size exclusion chromatography (SEC) both have been successfully
implemented for intact mAb measurements (14, 18), and each is demonstrated
in the current chapter for analysis of the NISTmAb. RP-HPLC is typically
performed on a C4 to C8 column at elevated temperatures with solvents of high
elutropic strength, often resulting in elution of a single peak (15). However,
resolution of certain mAb variants such as C-terminal lysine, degradation
products, and disulfide isoforms have been reported (36, 37). SEC for intact mass
analysis is operated with organic solvents (e.g. acetonitrile [ACN]) and typically
results in elution of a single peak. Using organic solvents, SEC can be used as an
effective and rapid sample cleanup method for formulation buffers and salts prior
to the mass spectrometer.
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Experimental Materials and Methods

Intact Protein Analysis

The intact molecular mass of the candidate reference material (RM) 8670
NISTmAb, lot 3f1b, was analyzed by four different laboratories using their
respective platform methodologies.

Lab 1 used reversed phase LC-MS on an Orbitrap Elite mass spectrometer
(Thermo Fisher Scientific, Sunnyvale, CA) to directly measure the mass of the
NISTmAb. The NISTmAb (10 mg/mL neat) sample was injected (5 µg) onto a C5
column (1 × 50 mm, Bio Wide Pore, Sigma Aldrich, St. Louis, MO) coupled to an
Orbitrap Elite mass spectrometer and analyzed in the high mass range (2000 m/z
to 4000 m/z) with a resolving power of 30,000. Calibration in this mass range was
performed with a solution of 3.5 µg/µL poly(propylene glycol) 2700 (PPG 2700)
and 7 mmol/L sodium acetate according to the manufacturer’s protocol. Protein
was eluted at 50 µL/min (mobile phase A = 0.1% formic acid in water and mobile
phase B = 0.1% formic acid in ACN) with a gradient of 10% to 80% mobile phase
B over 30 min. Deconvolution of the mass spectra was performed with Protein
Deconvolution v 2.0 (Thermo Fisher Scientific).

Lab 2 performed LC/MS using SEC coupled to a Bruker Daltonics (Billerica,
MA) maXis QTOF mass spectrometer (resolving power of 30,000) for the
analysis of the intact mAb. The NISTmAb was diluted to 1 mg/mL, and a 5 µL
aliquot was injected onto a BEH200 SEC column, 1.7 um, 4.6 × 150 mm (Waters,
Milford, MA). A mobile phase of 70% deionized water (diH2O)/30% ACN (v/v)
with 0.05% TFA (w/v) was used to isocratically elute (and desalt) the mAb. A
run time of 15 minutes, flow rate of 0.2 mL/min, column temperature of 30 °C,
and detection at 214 and 280 nm were used. Mass analysis of the protein was
performed using a mass range ofm/z 700 tom/z 5000 and the following instrument
parameters: nebulizer 1.6 bar, dry gas 8 L/min, capillary voltage 4500 V, iscid 160
eV, CE 15 eV, and dry temperature 220 °C. Instrument calibration was performed
with Agilent ESI-L tune mix (Agilent, Santa Clara, CA) followed by lock mass
correction using the ion at m/z 1221.9906. Observed masses were determined
from the zero-charge mass spectra following deconvolution of the multiply
charged mass spectra with the Maximum Entropy algorithm in DataAnalysis
software. Deconvolution parameters consisted of the following: deconvolution
mass range: 140,000–170,000 Da, deconvolution data point spacing: 0.1 m/z,
sum peak, mass list signal to noise (S/N) threshold: 1, mass list absolute intensity
threshold: 250.

Lab 3 injected 5 μg of the mAb, which was then eluted from a phenyl
MassPREP micro desalting column (Waters, Milford MA), 20 μm, 2.1 × 5 mm,
and analyzed with a Waters Xevo G2 TOF mass spectrometer (operated at 20,000
resolution) in the mass range of 600 m/z to 4600 m/z (Waters, Milford, MA). The
molecular masses of the observed proteoforms of the intact mAb were determined
using the MaxEnt 1 deconvolution software (MaxEnt Solutions, Ltd., Cambridge,
MA). Lab 3 experimental masses were calculated using the five most abundant
charge states.
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Lab 4 analyzed the NISTmAb via direct infusion into an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Fisher Scientific, Sunnyvale, CA) for intact
mass analysis. Prior to analysis, the protein was desalted using a Zeba spin
desalting column into Optima grade water (Thermo Fisher Scientific, Rockford,
IL) and diluted to a final concentration of ~1 µmol/L in 10% ACN, 1% formic
acid in water. The mAb was infused directly (5µL/min) into an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Fisher Scientific, Sunnyvale, CA) and
analyzed in the high mass range (1800 m/z to 4000 m/z) with resolving power
15,000 at 200 m/z. Calibration of the Orbitrap Fusion Tribrid mass spectrometer
in the high mass range was performed using an enfuvirtide solution (44 µg/mL in
50:50 ACN:H20 with 0.1% formic acid). Approximately 125 scans were summed
prior to spectra deconvolution.

Labs 1, 2, and 4 also analyzed de-N-glycosylated NISTmAb, prepared using
an overnight digestion with the enzyme peptide-N-glycosidase F (PNGase F). The
same instrumental platforms and analysis parameters were used as discussed above
for the untreated sample.

Lab 4 performed top-down fragmentation of the de-N-glycosylatedNISTmAb
by direct infusion using the Thermo Fusion Tribridmass spectrometer. After de-N-
glycosylation overnight, the protein was buffer exchanged intoOptima gradewater
using Amicon Ultra-0.5 mL centrifugal filters with 10,000molecular weight cutoff
(MWCO) membranes (Millipore, Darmstadt, Germany). The protein was diluted
to ~3 µmol/L in 25% ACN, 1% formic acid prior to direct infusion at 5 µL/min
and a source fragmentation of 50 eV. The resolving power was increased to 60,000
or 120,000 at 200m/z. The 46-51+ charges states were isolated in the ion trap with
a 400 m/z window prior to fragmentation by CID at normalized collision energy
(NCE) of 30–100% and ETD with a reaction time of 5–25 ms was performed
independently. Approximately 500 scans were summed with each fragmentation
method. Fragments with monoisotopic molecular masses were calculated from
the raw data by the Protein Deconvolution v. 3.0 software (Thermo Fisher) in
addition to being manually interpreted. The fragment coverage was matched to the
L chain or H chain of the molecule using ProSight Lite (Northwestern University,
Evanston, IL) in the single protein search mode with a mass tolerance of 50 ppm.

The NIST Mass and Fragment Calculator (http://www.nist.gov/mml/bmd/
bioanalytical/massfragcalc.cfm) (38) was used to calculate theoretical masses
using either International Union of Pure and Applied Chemistry (IUPAC) average
atomic masses for the elements or average masses estimated from organic sources
(15, 39). Theoretical masses were also calculated with PAWS (2000.06.08,
Genomic Solutions, Ann Arbor, MI), a commercially available program, for
comparison. The molecular masses of the proteoforms were also calculated with
Protein Deconvolution v. 3.0 (Thermo Fisher Scientific, Waltham, MA) for use in
the top- and middle-down sequencing sections.
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Results

Analysis of intact proteins using MS is a rapid method for empirically
determining the molecular mass of a target protein along with some information
on PTMs. The measured molecular mass is compared to a theoretically calculated
molecular mass based on the expected amino acid composition. It is important to
consider how the theoretical calculation is performed because the resultant value
may differ depending on the source of constituent mass values. For example,
rounding masses or using average versus monoisotopic masses for the elements
will affect the final calculation. Small changes in the elemental atomic masses
used magnify and cause significant shifts in the final theoretical mass for large
proteins. A comparison of theoretical calculations for the NISTmAb is shown
in Table 1 between IUPAC average atomic masses for the elements, average
values estimated from organic sources, and mass values optimized for proteins
from a commercially available program PAWS. Although perhaps only small
differences are found between the calculations, it is important to understand how
the theoretical values are calculated and to retain this information as the accuracy
and resolving power of mass spectrometers evolve over time. Throughout this
chapter, all theoretical values used are derived from the NIST Mass and Fragment
Calculator software using average values of the elements estimated from natural
sources unless otherwise noted (38) (e.g., Table 1, Theoretical Mass 2) as these
appear to be the most appropriate values as discussed by Zhang et al. (15).

The NISTmAb was analyzed by three different online LC-MS platforms
and compared to theoretical mass values. The data collected using SEC coupled
to a QTOF instrument (Lab 2) are depicted in Figure 3A (raw data) and 3B
(deconvoluted data). Figure 3A shows a representative raw intact mAb spectrum
as multiple charge states; the fine structure corresponding to various proteoforms
can be seen in Figure 3A inset. The deconvoluted data from Lab 2 identified
three major glycoforms (>40% relative abundance based on peak intensity) as
G0F/G0F, G0F/G1F, and G1F/G1F (Figure 3). It should be noted that glycan
assignments were based on putative structures common to mAbs, which can be
further verified using techniques described in the Glycosylation chapter/Volume
2, Chapter 4. Each of the major proteoforms identified are consistent with 2 L
chains, 2 H chains, the expected 16 disulfide bonds, pyroglutamic acid at both H
chain N-termini, and no C-terminal lysine on either H chain as depicted in Table
2. The latter two modifications are commonly observed in mAbs due to chemical
or enzymatic processing during production (40–44).

Similarly, the intact protein masses were determined online using RP-HPLC
coupled to an Orbitrap Elite mass spectrometer (Lab 1, Figure 3C) and a QTOF
mass spectrometer (Lab 3, data not shown). The same three major glycoforms
were identified and are consistent with the predicted NISTmAb structure (Table
2). All three platformmethodologies recognized the same three major glycoforms,
and the experimentally determined masses were within 50 ppm or less of their
theoretical masses. All the LC-MS experiments also confidently identified a
fourth glycoform (a minor species defined as between 3% and 40% relative
abundance) as G1F/G2F. It should be noted that even for the major glycoforms
identified, there may be isobaric glycoform compositions present in the sample.
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For example, both G0F/G2F and G1F/G1F have the same theoretical mass and
cannot be distinguished using this platform alone. Assignment of glycoforms
at the mass level is based on composition and putative structure; more detailed
analysis is required to confirm glycan structure as discussed in the Glycosylation
chapter/Volume 2, Chapter 4.

Beyond the three most abundant peaks, differences in species observed and
identification of minor and trace level species varied between the individual
laboratories. The minor and trace level proteoforms identified using LC-MS
included the expected glycoforms (e.g., G2F/G2F), the addition of one and/or
two hexoses (e.g., from glycation and/or N-glycans containing non-human
alpha-galactose linkages, gal-α-gal), C-terminal lysine, and singly N-glycosylated
mAb. In all cases other than peak 10 in Lab 3, all identifications were made with
error ≤50 ppm.

Table 1. Theoretical Mass Calculations of Intact NISTmAb

Glycosylation
Type

Theoretical
Mass 1 (Da)

Theoretical
Mass 2 (Da)

Theoretical
Mass 3 (Da)

G0F/G0F 148036.4 148037.2 148038.0

G0F/G1F 148198.6 148199.3 148200.1

G1F/G1F 148360.7 148361.4 148362.3

G1F/G2F 148522.8 148523.6 148524.4

G2F/G2F 148685.0 148685.7 148686.6

Theoretical Mass 1 was calculated using the NIST Mass and Fragment Calculator (http://
www.nist.gov/mml/bmd/bioanalytical/massfragcalc.cfm) with International Union of Pure
and Applied Chemistry (IUPAC) average atomic masses for the elements; Theoretical Mass
2 was calculated using the NIST Calculator with average values estimated from natural
sources. Theoretical Mass 3 was calculated using PAWS (2000.06.08, Genomic Solutions,
Ann Arbor, MI). Values include 16 disulfide bonds, two N-terminal pyroglutamic acids, and
no C-terminal Lys.

Peaks 17 and 18 represent compositions modified by glycation and/or
N-glycoforms with gal-α-gal structures. Both proteoforms were confirmed
to be present on the NISTmAb as discussed below and in the Glycosylation
chapter/Volume 2, Chapter 4, using complementary approaches. N-glycan
structures corresponding to compositions with fewer N-acetyl-glucosamine
(GlcNAc; −GlcNAc) residues, such as those detected in peaks 4, 5, and 6, are
also identified in the intact mass spectra. These glycoforms were confirmed using
orthogonal techniques such as N-glycan analysis (Glycosylation chapter/Volume
2, Chapter 4).
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Figure 3. Intact mass measurements of the NISTmAb using liquid
chromatography-mass spectrometry (LC-MS). (a) Raw mass spectrum of intact
NISTmAb using an ultrahigh-resolution quadrupole time-of-flight (QTOF)
mass spectrometer (Lab 2). (b) Deconvoluted zero-charge mass spectrum of
intact NISTmAb using an ultrahigh-resolution QTOF mass spectrometer (Lab
2). Assignments of the trace and minor level peaks, labeled 1–18, are listed
in Table 2. (c) Spectrum collected with an Orbitrap Elite mass spectrometer
and deconvoluted with Protein Deconvolution. Masses of the proteoforms and

assignments are shown in Table 2.
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Table 2. Average Masses of Intact NISTmAbMeasured Using Orbitrap Elite
(Lab 1), Bruker maXis Quadrupole Time-Of-Flight (QTOF) (Lab 2), and

Waters QTOF (Lab 3) Mass Spectrometers

Observed Mass (Da)
Proteoform Theoretical

Mass (Da) Lab 1 Lab 2 Lab 3

1. G0F/Aglycosylated 146591.8 ND 146595.3 (t) ND

2. G1F/Aglycosylated 146754.0 ND 146756.0 (t) ND

3. G2F/Aglycosylated 146916.1 ND 146915.8 (t) ND

4. G0F/G0F – 2GlcNAc 147630.8 147633.1 (t) ND ND

5. G0F/G0F – GlcNAc 147834.0 147837.9
(mn)

147837.4
(mn) ND

6. G0F/G1F – GlcNAc 147996.1 147993.2 (t) 148000.6
(mn)

148000.0
(mn)

7. G0F/G0F 148037.2 148040.5
(M)

148039.3
(M)

148045.0
(M)

8. G0F/G0F + K 148165.3 148154.6 (t) 148164.9
(mn)

148163.0
(mn)

9. G0F/G1F 148199.3 148201.9
(M)

148201.7
(M)

148206.5
(M)

10. G0F/G1F + K 148327.5 148325.5 (t) 148328.1
(mn)

148302.0
(mn)

11. G1F/G1F 148361.4 148364.3
(M)

148363.8
(M)

148368.5
(M)

12. G1F/G1F + K 148489.6 148483.7 (t) 148492.4
(mn) ND

13. G1F/G2F 148523.6 148526.7
(mn)

148526.1
(mn)

148531.0
(mn)

14. G1F/G1F + 2K 148617.8 ND 148624.1 (t) ND

15. G1F/G2F + K 148651.8 148643.1 (t) 148654.5
(mn) ND

16. G2F/G2F 148685.7 148688.5
(mn)

148687.5
(mn) ND

Continued on next page.
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Table 2. (Continued). Average Masses of Intact NISTmAb Measured Using
Orbitrap Elite (Lab 1), Bruker maXis Quadrupole Time-Of-Flight (QTOF)

(Lab 2), and Waters QTOF (Lab 3) Mass Spectrometers

Observed Mass (Da)
Proteoform Theoretical

Mass (Da) Lab 1 Lab 2 Lab 3

17. G2F/G2F + Hex 148847.7 148847.9
(mn)

148849.4
(mn) ND

18. G2F/G2F + 2Hex 149010.0 ND 149008.2 (t) ND

Theoretical values include 16 disulfide bonds, two N-terminal pyroglutamic acids, and no
C-terminal Lys (K), unless noted otherwise. Numbers in proteoform column refer to peak
designation in Figure 3. Symbols M, mn, and t represent major (>40% of maximum peak
height), minor (3% to 40% of maximum peak height), and trace (<3% of maximum peak
height) relative abundance based on MS peak intensity, respectively. Putative N-glycan
structures are listed. Although not listed here, alternative isobaric structures are possible in
many cases.

Another common modification observed in Figure 3 is the presence of one
or two C-terminal lysine residues (peaks 8, 10, 12, 14, and 15 in Table 2).
Observed masses for several of the lysine-containing peaks may have alternative
assignments based solely on mass accuracy (≤50 ppm). For example, peak 8
may have been designated as a G1F/G1F-GlcNAc proteoform using intact mass
data alone. Therefore, the use of orthogonal data (e.g., subunit analysis, peptide
mapping, N-glycan analysis) is critical in determining the actual proteoform
present in the intact analysis, allowing for more detailed structural information
about the protein.

The mAb was treated with PNGase F to eliminate heterogeneity resulting
from N-glycans and detect additional PTMs. The deconvoluted spectra
for the de-N-glycosylated mAb are shown in Figure 4 using SEC/MS
(ultrahigh-resolution-QTOF) (Lab 2) and RP-HPLC/MS (Orbitrap Elite)
(Lab 1), with observed and theoretical masses listed in Table 3. Following
de-N-glycosylation, the most abundant isoform is the fully de-N-glycosylated
mAb. Glycated proteoforms (+162 Da and +324 Da, peaks c and f, respectively)
were observed at low levels, as well as the presence of one or two C-terminal
lysine residues (+128 Da and +256 Da, peaks b and d, respectively), and the
combination of the two modifications (peak e).
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Figure 4. Intact mass measurements of de-N-glycosylated NISTmAb analyzed
by liquid chromatography-mass spectrometry (LC-MS) on (a) an Orbitrap Elite
(Lab 1), and (b) a maXis quadrupole time-of-flight (QTOF) (Lab 2). Masses of

the identified proteoforms are shown in Table 3.

Table 3. Average Masses of De-N-glycosylated NISTmAb

Observed Mass (Da)
Proteoform Theoretical

Mass (Da) Lab 1 Lab 2

a. De-N-
glycosylated 145148.5 145150.3 (M) 145150.4 (M)

b. + Lysine (+Lys) 145276.6 145277.8 (t) 145278.1 (t)

c. + Hexose (+Hex) 145310.6 145314.3 (mn) 145312.2 (mn)

d. +2 Lys 145404.8 145398.5 (t) 145406.7 (t)

Continued on next page.
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Table 3. (Continued). Average Masses of De-N-glycosylated NISTmAb

Observed Mass (Da)
Proteoform Theoretical

Mass (Da) Lab 1 Lab 2

e. +Lys and +Hex 145438.6 ND 145440.1 (t)

f. +2 Hex 145472.7 145476.3 (t) 145478.1 (t)

Letters in Proteoform column refer to peak designation in Figure 4. Symbols M, mn,
and t represent major (>40% of maximum peak height), minor (3% to 40% of maximum
peak height), and trace (<3% of maximum peak height) relative abundance based on mass
spectrometry (MS) peak intensity.

Top-Down Sequencing Results

The fourth laboratory in this study designed their intact mass measurement
experiments with the intention of further evaluating the NISTmAb structure
using top-down fragmentation. For this experiment, the sample was buffer
exchanged to a MS-compatible solvent and directly infused. The entire charge
state envelope was deconvoluted to determine the molecular mass for the intact
and de-N-glycosylated NISTmAb, shown in Figure 5A and 5B, respectively. For
both the intact and the de-N-glycosylated NISTmAb, adducts were observed that
likely were retained during the protein purification process (denoted by asterisks).

Deconvolution of NISTmAb spectra collected at 30,000 resolving power
allowed detection of the five most abundant glycoforms (>20 ppm mass error,
Figure 5A). Interestingly, no species corresponding to -GlcNAc were observed,
indicating ionization conditions and/or instrument configuration provided
softer ionization not conducive to in-source fragmentation. The deconvoluted
de-N-glycosylated NISTmAb spectra are also in agreement with the two most
dominant forms observed in the LC-MS experiments discussed above. In the
infusion mode, it was noted that a higher propensity for adduct formation was
observed (Figure 5). The relatively large quantity of adduction formed during the
infusion experiment has been reported previously (45), and the approximately
+98 Da shift is commensurate with a phosphate adduct remaining as an artifact
from sample preparation. The higher quantity of adduct formation explains
the identification of fewer low-abundance proteoforms during the infusion
experiment. Alternate purification strategies may be employed to minimize the
appearance of these species.
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Figure 5. Intact mass measurement of the NISTmAb by direct infusion. The
intact molecular mass of the NISTmAb was determined using a Fusion Tribrid
mass spectrometer for the (a) intact NISTmAb with numbering or lettering

consistent with that listed in Table 2, and (b) de-N-glycosylated NISTmAb with
the labels consistent with those listed in Table 3. The asterisks (*) denote adducts

remaining from the purification process.

Despite the appearance of adducts during infusion experiments, this mode of
analysis affords the opportunity to summultiple fragmentation spectra of the intact
parent ions over an extended time range to provide MS/MS spectra. Top-down
analysis of the de-N-glycosylated NISTmAb was performed on the Orbitrap
Fusion Tribrid mass spectrometer following direct infusion of the protein. Source
fragmentation energy was applied at 50 eV, and the 46-51+ charge states were
isolated in the ion trap with a 400 m/z window and then fragmented by CID
(30–100% NCE) or ETD (5–25 ms reaction times). Approximately 500 scans
were summed to generate a single spectrum for deconvolution. The monoisotopic
masses of the antibody fragments were extracted by Xtract within the Protein
Deconvolution v. 3.0 software and assigned to either the L or H chain in ProSight
Lite with a 50 ppm error tolerance. The known modifications, such as N-terminal
pyroglutamic acid and C-terminal lysine cleavage on the H chain, were included
in the ProSight Lite parameters as well as the expected intra-strand disulfide
bonds. The loss of one disulfide near the N- or C-terminus of both the L and H
chain was allowed to account for disulfide cleavage during fragmentation. These
data were also fit using a 10 ppm error tolerance in ProSight Lite. The sequence
coverage of the intact, non-reduced NISTmAb is shown below (Figure 6). For
the H chain, 85 unique fragments corresponding to 68 intramolecular bonds
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broken were identified, covering 15.1% of the protein sequence with the majority
of the fragmentation occurring near the N and C termini. There were 44 unique
fragments identified corresponding to the L chain with 33 intra-chain bonds
broken, covering 15.5% of the protein sequence. The top-down approach taken
here is relatively automated and quickly identified the fragments corresponding to
the termini of the H and L chains. Despite the relatively low sequence coverage
obtained as compared to peptide mapping, the automated nature of this combined
analysis yields orthogonal data and high confidence in the predicted protein
sequence. Continued improvement in both instrument and software capabilities
will likely result in top-down methods playing a more prominent role in future
biopharmaceutical platform workflows.

Figure 6. Sequence coverage of the NISTmAb by top-down analysis. The
sequence coverage from direct infusion of the NISTmAb of the heavy (top) and
light (bottom) chains are shown with observed fragments from collision-induced
dissociation (CID) and higher energy collision dissociation (HCD) fragmentation
(blue), as well as electron transfer dissociation (ETD) fragmentation (red).
Disulfide bonds are shown in yellow, with those cleaved during fragmentation
shown as dashed lines. The fragments were assigned using ProSightLite and

confirmed manually. (see color insert)

19

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
1

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1201.ch001&iName=master.img-005.jpg&w=292&h=313


Discussion

Intact mAb mass measurements provide valuable information about the
protein, require little to no sample preparation, and can be performed quickly.
The high resolving power of TOF and Orbitrap mass analyzers allows direct
observation of mAb heterogeneity, including N-glycosylation and glycation,
as well as N- and C-terminal modifications for known and unknown protein
sequences. The use of these techniques for intact structural analysis is gaining
momentum for the initial analysis of mAb primary structure. Improvement
in mass spectrometer instrumentation continues to be an active research area
(46) and may one day provide a routine platform for even greater structural
information.

Intact mass analysis provides preliminary assurance of the amino acid
composition (alongwith some PTMs)within the limitations of the instrumentation.
The putative matches reported for the intact measurements in the current chapter
resulted in average mass error (based on data in Table 2) of 26.6, 16.4, and
59 ppm for Lab 1, Lab 2, and Lab 3, respectively. This corresponds to a mass
error of approximately 2 to 9 Da. An absolute differentiation of isobaric amino
acids of course cannot be made (e.g., Ile vs. Leu), but it is also worth noting
that near-isobaric compositions cannot be unequivocally differentiated at this
level (e.g., Lys vs. Glu, Leu/Ile vs. Asn or Asp). Unequivocal assignment of
composition becomes increasingly complex with additional size; for example,
amino acid pairs EG, DA, VS, and single residue W all have a nominal mass of
186 Da. Despite this apparent limitation, one must consider that the recombinant
product is expressed through a highly controlled and engineered cell line
intended to produce a protein of known sequence. Observation of a mass that
closely conforms to the expectation therefore provides confidence in the putative
assignment, which can be further verified with orthogonal techniques.

The examples shown in this chapter highlight the ability to observe
proteoforms with differences in glycosylation, N- and C- terminal modifications,
and glycation of a mAb across multiple mass spectrometer platforms. The intact
mass analysis does not allow for the identification of modifications such as
deamidation, which has an overall smaller change in the intact mass than can
be resolved in a molecule of this size, or inversion of amino acids within the
sequence, which does not change the overall molecular weight of the molecule.
Furthermore, proteoforms with lower overall abundance were not consistently
identified by all of the laboratories (unique identifications at the trace level).
The presence of PTMs such as intrinsic deamidation present at low levels
may therefore not be observable regardless of the instrument resolving power.
Although a threshold of intensity necessary for identification is beyond the scope
of this chapter, observation of an expected composition (e.g., +162 is indicative
of a hexose) provides reasonable assurance of PTM assignments, which can then
be further verified.

For those proteoforms that are present in relatively high abundance, top-down
sequencing can be used to fragment the peptide backbone of the protein to gain
further confidence that the protein sequence is accurate (Figure 6). Significant
advances in top-down sequencing of mAbs have been made using in-source decay

20

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
1

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



with pseudo MS3 of product ions (26), ETD (23), and ECD (24, 25). However,
complete sequence coverage of intact proteins of this size using these methods is
limited, making this a developing strategy with great potential for rapid sequence
confirmation.

Ultimately, intact mass analysis is a very powerful technique capable of
evaluating mAb primary structure with minimal sample handling. However,
it cannot unequivocally differentiate all heterogeneity intrinsic to a mAb. The
confidence of intact mass assignments is related to process knowledge and
experience and can therefore yield actionable data. Ultimately, analysis of
smaller species (e.g., subunits, fragments, peptides) allows for higher resolution
of the individual components and can lead to improved mass accuracy and better
confidence in mass assignments. Subunit analyses and peptide mapping of the
NISTmAb are described below to provide complementary primary structure
assignment by enzymatic digestion and additional MS analysis.

Subunit and IdeS Fragment Analysis

The analysis of mAb H and L chain subunits has been used to support primary
structure confirmation and detect PTMs (47, 48). These analyses can be performed
by chemical reduction (dithiothreitol [DTT] or tris(2-carboxyethyl)phosphine
[TCEP]) followed by LC-MS analysis. Upon chemical reduction of the antibody,
the H and L chains are formed and can be chromatographically separated during
LC-MS analysis. In addition, alkylation of the resulting sulfhydryl residues can
be performed to minimize reformation of disulfide bonds. A promising new
approach to subunit analysis uses online electrochemical reduction for direct
infusion of subunits (34). This technique resulted in a relatively complex data
set because only partial reduction was achieved; however, it shows promise for a
completely automated subunit analysis workflow.

Enzymes such as papain and pepsin can cleave IgG molecules in the hinge
region to produce large fragments, although digestion efficiency varies between
IgG subclasses due to differences in disulfide linkages within their hinge regions
(49, 50). Pepsin cleaves the IgG H chain below the hinge region, resulting in a
F(ab′)2 fragment (i.e., two Fab fragments that remain linked via the two hinge
disulfide bonds); however, the Fc is further digested into many smaller pieces
(51, 52). IgG3 and IgG4 antibodies are highly sensitive to pepsin fragmentation,
whereas IgG1 and IgG2 molecules are resistant (53). IgG molecules also show
subtype specificity in regards to digestion with papain (54, 55). IgG1 and IgG3
antibodies are both sensitive to the cysteine protease papain, which digests the H
chain above the hinge region, resulting in two Fab fragments and the Fc fragment
(56–58). IgG4 molecules are resistant to papain cleavage in the absence of
cysteine, but can be cleaved if cysteine is provided for the reaction. IgG2 remains
fairly resistant to papain cleavage under either condition. Both pepsin and papain
have been reported to lack reliable specificity and often produce heterogeneous
cleavages (59). As a result, alternative enzymes for subunit analysis are gaining
in popularity.
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The protease IdeS (originally isolated from Streptococcus pyogenes and now
available in recombinant form) selectively cleaves between the G-G residues
(NISTmAb Gly239-Gly240) in the hinge region of the antibody to produce the
F(ab′)2 and single chain Fc (scFc) fragment (CH2 and CH3 domains) (Figure 7A)
(60). The F(ab′)2 can be further reduced (e.g., TCEP or DTT), resulting in the
generation of the L chain (which also happens to be the complete subunit) and
Fd′ fragments (VH, CH1, and hinge regions) (Figure 7B). The three antibody
components (scFc, Fd′, and L chain), each approximately 25 kDa, can be
chromatographically separated when analyzed by LC-MS. The combination of the
antibody fragment’s size with current methodology and instrumentation provides
a convenient platform for (1) highly accurate mass measurements; and (2) the
possibility of middle-down sequencing with a variety of MS/MS fragmentation
modes (17–20).

Figure 7. NISTmAb fragments after IdeS digestion. Digestion with IdeS results in
(a) one F(ab′)2 fragment and two scFc fragments. Reduction of disulfide bonds
results in (b) two light chain subunits, two Fd′ fragments (1-239), and the two
previously formed scFc fragments (240-449); for which one of each is shown in
(b). Domains comprising each fragment are labeled as described for Figure 1.

(see color insert)

22

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
1

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1201.ch001&iName=master.img-006.jpg&w=315&h=278


Experimental Materials and Methods

Labs 1, 2, and 4 performed subunit/fragment analysis on the NISTmAb. Lab
1 diluted the mAb to 2 mg/mL in 50 mmol/L phosphate buffer containing 150
mmol/L NaCl at pH 6.6. Samples were digested with IdeS (FabRICATOR® IgG
protease, Genovis AB, Cambridge, MA) following the manufacturer’s protocol.
IgG fragments were then reduced by adjusting to 1 mol/L guanidine and 50 mmol/
L TCEP (pH 2.0) and incubating at 80 °C for 30 min. Analysis of the digests was
performed on an Orbitrap Elite mass spectrometer coupled to a C8 column (2.1
× 100 mm, Bio Wide Pore, Sigma Aldrich). Protein subunits/fragments (10 µg)
were eluted (mobile phase A = 0.02% TFA in water, mobile phase B = 0.02% TFA
in ACN) at 200 µL/min starting at 10% mobile phase B and increasing by 1%
per min over 40 min. MS spectra were deconvoluted with Xtract (Thermo Fisher
Scientific).

Lab 2 also performed an IdeS digestion (FabRICATOR® IgG protease,
Genovis AB) prior to LC/MS analysis. The NISTmAb was diluted to 2 mg/mL
(50 μL total) in IdeS digestion buffer (pH 6.6). Two microliters of IdeS enzyme
was added, gently vortexed, and incubated at 37 °C. Denaturation and reduction
involved adding 100 μL of 8M guanidine, 25 μL of IdeS digestion buffer, and 25
μL of 1M DTT to the mAb sample and incubating at 37 °C for 45 minutes. The
resulting fragments (10 μL or 5 μg load) were injected on a C4 reversed phase
column (Waters BEH300 C4, 1.7 μm, 2.1 × 100 mm) at a column temperature of
65 °C. RP-UHPLC/ESI-QTOF MS was performed on a Waters H-Class UHPLC
coupled to a Bruker Daltonics (Billerica, MA) maXis QTOF mass spectrometer.
RP-UHPLC conditions also included flow rate: 0.2 mL/min, run time: 70 min,
and a detection wavelength of 214 nm. The chromatographic gradient used three
mobile phases: mobile phase A: 95% water/5% ACN (v/v), mobile phase B:
2% TFA (w/v), and mobile phase C: 50% ACN/50% isopropanol. The gradient
was generated using a constant 5% B while C was raised from 3 to 40% in 45
min. A 10 minute cleaning period (90% C) was used followed by a 15 minute
re-equilibration period at initial conditions. Mass spectrometer settings include a
mass range of m/z 600 to m/z 3000, nebulizer: 1.6 bar, dry gas: 8 L/min, iscid: 45
eV, collision energy: 15 eV, and dry temperature: 200 °C. Instrument calibration
was performed with Agilent ESI-L tune mix (Agilent, Santa Clara, CA) followed
by lock mass correction using the ion at m/z 1221.9906. Observed masses
were determined from the zero-charge mass spectra following deconvolution
of the multiply charged mass spectra with the Maximum Entropy algorithm in
DataAnalysis software. Deconvolution parameters consisted of the following:
deconvolution mass range: 15,000 to 60,000 Da, deconvolution data point
spacing: 0.05 m/z, sum peak, mass list S/N threshold: 0, mass list absolute
intensity threshold: 0.

For the de-N-glycosylated subunit analysis, the intact NISTmAb was first
diluted to 2.0 mg/mL (50 μL total) in IdeS digestion buffer (pH 6.6) and 2 μL
of PNGase F was added. The sample was then incubated at 37 °C for 18 hours.
The sample was then denatured and reduced as stated above.

Lab 4 performed IdeS digestion according to the manufacturer’s protocol
on the de-N-glycosylated NISTmAb. The digested mAb was reduced with 45
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mmol/L TCEP and 3 mol/L guanidine HCl (final) prior to being desalted using
10,000 MWCO spin columns (Amicon, Darmstadt, Germany) and Zeba desalt
spin columns (Thermo Fisher Scientific). The fragment mixture was diluted to
approximately 0.5 mg/mL based on a starting concentration in 40% ACN, 1%
formic acid (Optima grade) and directly infused into an Orbitrap Tribrid Fusion
mass spectrometer.

Results and Discussion

IdeS Fragment Mass Analysis

Further analysis of the NISTmAb primary structure was performed in Labs 1
and 2 by IdeS fragment mass analysis using IdeS digestion followed by reduction
of the disulfide linkages. LCMS was used to separate the resulting fragments (see
Figure 8) and determine their accurate masses. Theoretical and experimentally
determined monoisotopic mass assignments are summarized in Table 4.

The observed masses of the predominant forms of the scFc fragment were
consistent with the expected primary amino acid sequence plus the G0F or G1F
N-glycans. Due to the increased sensitivity of the IdeS fragment analysis, several
additional trace level glycoforms also were detected (see Table 4). Moreover,
the chromatographic resolution combined with accurate mass assignment of a
fragment bearing C-terminal Lys (Figure 8) allowed for confident assignment
of this trace-level species indicated by the intact mAb measurements above.
Low levels of the aglycosylated scFc also were detected eluting after the
N-glycosylated scFc form.

The observed masses of the predominant L chain subunit and Fd′ fragment
were also consistent with their calculated theoretical masses (see Table 4 and
Figure 9). The major L chain species has the expected amino acid sequence with
only a trace level of glycation (+162 Da). The Fd′ fragment was observed with
pyroglutamic acid (−17 Da) at the N-terminus. In addition, low levels of oxidation
(+16 Da) and glycation were detected on the Fd′ fragment.

Minor differences in species observed between the two laboratories are readily
observed in the UV traces shown in Figure 8. The chromatogram from Lab 1
showed higher levels of cleavage between Asp-Pro residues (e.g., D(P) clipping),
presumably due to higher temperature or lower buffer pH during reduction of
disulfide bonds (61). Cleavage at Asp-Pro residues has been well documented and
linked to the basicity of the proline residue nitrogen (61). As with other sample
preparation techniques, the optimization of reaction conditions tominimize sample
artifacts (e.g., D(P) clipping) while allowing reaction completion is ultimately
desired.

Both laboratories were able to detect oxidized forms of the Fd′ fragment by
MS; however, chromatographic resolution of the oxidized species was obtained
only by Lab 2. A number of parameters may be responsible for the variations in
the UV profiles obtained between the two laboratories, including column format,
chemistry, and selectivity resulting from the different mobile phase compositions
used. The chromatographic method used by Lab 2 may be preferable for
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characterization and stability testing of this mAb as it allows a greater number of
variants to be visually observed and identified.

An expanded view of the deconvoluted, de-isotoped mass spectral data for
the L chain, determined by Lab 1 and Lab 2, is shown in Figure 10. Simulated
isotopic profiles are also included as calculated by the respective instrument
platform software. It should be noted that the data for Lab 1 were collected
in profile mode; however, the Xtract software automatically centroids the data
during processing.

Figure 8. Liquid chromatography-mass spectrometry (LC-MS) fragment analysis
following IdeS digestion and reduction. UV chromatograms of the IdeS fragments

of the NISTmAb are shown (masses compiled in Table 4) for experiments
performed by (a) Lab 1 and (b) Lab 2. Abbreviations: scFc represents the
single-chain Fc fragment (heavy [H] chain residues 240-449); scFc + Lys
represents the presence of C terminal lysine (H chain residues 240-450); L

represents light chain (L chain residues 1-213); Fd′ represents the VH, CH1, and
partial hinge (H chain residues 1-239); and IdeS represents the IdeS enzyme.
Other fragments of the heavy chain such as (D)P[274-449]G are shown with
residue numbers in brackets from the N- to C terminal residues (cleavage occurs

C terminal to residue in parentheses).
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Table 4. Accurate Mass Assignments (Monoisotopic) for the NISTmAb IdeS Fragments

Observed Mass (Da) a
IdeS Fragment Proteoform Theoretical Mass (Da)

Lab 1 Lab 2

G0F 25220.463 25220.464 (M) 25220.477 (M)

G1F 25382.516 25382.554 (M) 25382.530 (M)

G2F 25544.569 25544.556 (mn) 25544.580 (mn)

G2F + G2F + Hex 25706.622 25706.457 (t) 25706.624 (t)

G0FG0F + Lys 25348.558 25348.555 (mn) 25348.561 (mn)

G1FG1F + Lys 25510.611 25510.691 (mn) 25510.615 (mn)

G2FG2F + Lys 25672.664 25672.710 (t) 25672.678 (t)

aglycosylated 23775.930 23775.985 (t) 23775.934 (t)

(D)P[274-449]G + G0F 21499.574 21499.633 (mn) 21499.599 (mn)

(D)P[274-449]G + G1F 21661.627 21661.640 (mn) 21661.654 (mn)

(D)P[274-449]G + G2F 21823.680 21823.679 (mn) 21823.707 (mn)

G1 25236.458 ND 25236.477 (t)

G2 25398.511 ND 25398.521 (t)

G0F − GlcNAc 25017.384 ND 25017.397 (t)

G1FG1F − GlcNAc 25179.437 ND 25179.451 (t)

G2F + 2G2F + 2 Hex 25868.675 ND 25868.676 (t)

G1FG1F + GlcNAc 25585.596 ND 25585.604 (t)

scFc
(H(240-449))b
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Observed Mass (Da) a
IdeS Fragment Proteoform Theoretical Mass (Da)

Lab 1 Lab 2

G2FG2F + GlcNAc 25747.648 ND 25747.663 (t)

unmodified 23113.304 23113.329 (M) 23113.324 (M)
L chain

+ Hex 23275.357 23275.354 (t) 23275.374 (t)

pQ 25672.807 25672.835 (M) 25672.82 (M)

pQ + Hex 25834.807 ND 25834.816 (t)

pQ, oxidizedd 25688.806 25688.879 (t) 25688.807 (t)

pQ, oxidized + 2 Hex 26012.912 26012.989 (t) 26012.989 (t)

(D)P[89-239]G 15864.738 15864.741 (mn) 15864.775 (mn)

Fd’
(H(1-239))c

pQ[1-88]D(P) 9826.079 9826.128 (t) ND

Theoretical monoisotopic masses were calculated with internal software and include N-terminal pyroglutamic acid and lack of C-terminal Lys unless otherwise
noted. a Relative abundance categories M: major (>40% of maximum peak height), mn: minor (3 to 40% of maximum peak height), t: trace (<3% of
maximum peak height). b The presence of Lys450 is denoted as + Lys. c pQ = pyroglutamic acid. d Lab 2 observed three chromatographically resolved
species of this composition.
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It is clear that increased resolution is obtained for lower mass fragments
as compared to intact mAb measurements. It should be noted, however, that
although isotopic resolution is achievable in this mass range, the isotopic
distribution is such that the monoisotopic peak is not detected. The monoisotopic
peak at this mass range is in fact usually not detected in such experiments due
to its low relative abundance compared to isotope-containing species. Despite
this, calculation of the unmodified L chain monoisotopic mass is based on
experimental data and is calculated using instrument manufacturer software
algorithms. In both cases, it is within 2 ppm of the theoretical value as shown in
Table 4. In addition, the isotopic distribution, as well as the relative abundance
of each isotopic peak, is consistent with that predicted in the simulation for both
experiments. Collectively, the increased resolution provides higher confidence
for primary structure confirmation.

Figure 9. Lab 2 deconvoluted mass spectra of NISTmAb fragments following IdeS
digestion and reduction. Zero-charge mass spectra of the scFc fragment (top),
light (L) chain subunit (middle), and Fd′ fragment (bottom) of the NISTmAb. The
abbreviation “pQ” represents pyroglutamic acid formed from the N-terminal
amino acid glutamine. Observed masses of major, minor, and trace-level species
are found in Table 4. The “∗” represents a trace level of trifluoroacetic acid
(TFA) adduction (+114 Da), and the “Δ” represents guanidine adduction (+59

Da); both are method-related artifacts.
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Figure 10. Experimental (a) and theoretical (b) light (L) chain subunit mass
spectra of the NISTmAb following IdeS digestion and reduction. Note that data
for Lab 1 were collected in profile mode; however, Xtract software automatically

centroids data for output.

This IdeS fragment analysis with high mass accuracy is in good agreement
with the intact protein measurements presented in Tables 2 and 3. However,
Ides fragment mass analysis was shown to have improved mass accuracy and
resolution compared to intact mass measurements and to provide more confident
assignments. Chromatographic resolution of the L chain subunit and H chain
fragments also allowed identification of additional mAb heterogeneity. IdeS
fragment analysis therefore offers an orthogonal measurement, confirming
primary structure heterogeneity. Although these complementary data are highly
informative, the methods require additional sample processing as compared to
intact mAb analysis and may require optimization.

Finally, the mAb was treated with PNGase F to reduce the structural protein
heterogeneity resulting from N-linked glycosylation in the Fc region and then
analyzed by LC-MS analysis (Lab 2, data not shown). The deconvoluted
mass spectra obtained for the L chain subunit and Fd′ fragment following
de-N-glycosylation remain unchanged, indicating no N-glycosylation sites on
the NISTmAb L chain or the CH1, variable, or hinge domains of the H chain.
In contrast, the scFc fragment contains less structural heterogeneity following
de-N-glycosylation. As a result, one major scFc species was detected and was
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consistent with its theoretical de-N-glycosylated mass, which includes all four
cysteines in the reduced form, no C-terminal Lys, and the conversion of the
de-N-glycosylated asparagine residue (Asn) to an aspartic acid residue (Asp).
Trace level glycation and oxidation were also identified in the scFc (Table 5).

Table 5. Accurate Mass Assignments for the De-N-glycosylated IdeS
Fragments of NISTmAb

IdeS Fragment Proteoform
Theoretical
Monoisotopic
Mass (Da)

Lab 2 Observed
Monoisotopic Mass

(Da)a,b

unmodified 23776.914 23776.928 (M)

oxidized 23792.909 23792.919 (t)

oxidized 23792.909 23792.922 (t)

oxidized (2) 23808.904 23808.894 (t)

glycated 23938.967 23938.972 (t)

+Lys 23905.009 23905.013 (mn)

+Lys, oxidized 23921.004 23920.993 (t)

aglycosylated 23775.930 23775.911 (t)

(D)P[274-449]G 20056.024 20055.999 (t)

De-N-
glycosylated scFc
(H(240-449))c

(D)P[274-449]G,
oxidized 20072.019 20071.992 (t)

a Monoisotopic masses were determined from the zero-charge mass spectra after
deconvolution and de-isotoping of the multiply charged data and accounting for Asn300 to
Asp300 conversion due to de-N-glycosylation. All observed masses agree with theoretical
masses to within 2 ppm for major and minor proteoforms and within 3 ppm for trace-level
species, which is consistent with the accuracy of contemporary mass spectrometers for
isotopically resolved proteins. b Relative abundance categories: M: major (>40% of
maximum peak height), minor: mn (3 to 40% of maximum peak height), T: trace (<3% of
maximum peak height). c The presence of Lys450 is denoted as “+Lys.”

Middle-Down Sequencing

Middle-down sequencing analysis was performed by Lab 4 on the
de-N-glycosylated NISTmAb following IdeS digestion and reduction. Direct
infusion was used for analysis of the digested sample as opposed to LC separation
of the IdeS fragments prior to MS analysis. The mass spectrum shows resolution
of the three main components, and their deconvoluted molecular masses are in
good agreement with the theoretical masses (Figure 11, Table 6) of the partially
reduced LC subunit (containing one disulfide bond), partially reduced Fd′
(containing one disulfide bond), and fully reduced and de-N-glycosylated scFc
fragment.
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Figure 11. Raw mass spectrum of the de-N-glycosylated and IdeS digested
NISTmAb by direct infusion. Mass spectrum of the digested NISTmAb shows
three distinct charge state distributions corresponding to the light chain (LC),
N-terminal fragment of the heavy chain (Fd′), and the C-terminal fragment of
the heavy chain (scFc). The masses calculated in Xtract (Thermo) are shown in

Table 6.

Table 6. Middle-Down Mass Measurements Observed via Direct Infusion
Following De-N-glycosylation, IdeS Digestion, and Reduction

IdeS Fragment Theoretical Monoisotopic
Molecular Mass (Da)

Lab 4 Observed Molecular
Mass (Da)

L chain (LC) subunit (one
disulfide) 23111.304 23111.319

Fd′ fragment
(N-terminal pQ, one
disulfide)

25670.807 25670.744

scFc fragment
(C-terminal Lys cleavage) 23776.914 23776.212

To further analyze the middle-down fragments of the NISTmAb,
fragmentation by CID, HCD, and ETD (L chain only) was performed. For each
component, multiple charge states were singly isolated and fragmented at various
collision energies (CID and HCD) or reagent reaction times (ETD). The MS2
fragment ions generated for each IdeS fragment at the various fragmentation
energies were recorded, and all fragment ions were manually added to one
sequence to generate a single fragmentation map for the L chain, Fd′, and scFc.
The MS2 fragment ions were matched to the protein sequence in ProSight Lite
with a mass tolerance set to 10 ppm (Figure 12) and accounting for the known
modifications of N-terminal pyroglutamic acid and C-terminal Lys on the scFc
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portion, as well as one disulfide bond on the Fd′ portion because partial reduction
was observed in middle-down mass measurements. For the L chain, the map
was generated for both of the N-terminal disulfides intact or complete disulfide
reduction corresponding to a mixed species observed in the MS1 mass spectra.

Middle-down sequencing provides an intermediate approach to protein
structure analysis, providing information overlapping with and orthogonal to
peptide mass mapping and intact mass analysis approaches. Because the previous
limitations of available fragmentation methods are now being lifted by advancing
technology, middle-down sequence coverage is approaching the levels obtained
from tryptic or Lys-C digests. The ease of sample processing and data integration
offered by middle-down sequencing provides a straightforward approach to
confirming primary structure with the potential to identify locations of PTMs such
as disulfide linkages, oxidation, and deamidation, to name a few. Middle-down
sequencing platforms therefore help to bridge gaps in sequence confirmation and
provide a link between the measured experimental intact mass and the peptide
mass maps commonly used to verify amino acid sequence.

Figure 12. De-N-glycosylation and IdeS-treated fragment maps generated by
middle-down mass spectrometry of the (A) light (L) chain, (B) Fd′, and (C) scFc.
Fragments corresponding to collision-induced dissociation (CID) or higher
energy collision dissociation (HCD) are shown in blue, whereas the fragments
generated by electron transfer dissociation (ETD), performed on light chain only,
are shown in red. Boxed residues indicate pyroglutamic acid (B) and Lys loss

(C). (see color insert)
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Discussion

Chromatographic resolution of various proteoforms is greater for IdeS
fragments than for intact species, facilitating detection of gross changes in
product heterogeneity using methods conducive to the high-throughput demands
of a screening environment. The smaller mAb fragments generated from IdeS
digestion and disulfide bond reduction are also in a molecular mass range that
allows current Orbitrap and QTOF mass spectrometers to provide isotopic
resolution of ESI-produced multiply charged ions. In this ~25 kDa regime, the
monoisotopic ion often is not directly observed due to its relatively low natural
abundance. However, the isotopic resolution allows experimental monoisotopic
mass determination based on the isotope pattern for each fragment, resulting in
high mass accuracy. Therefore, confident composition assignments, including
localization of PTMs to more specific regions (e.g., scFc, Fd′, or L chain) of the
antibody are possible.

It is important to keep in mind that inferring the primary structure of a
mAb from the IdeS fragments (without isolation and gas-phase fragmentation)
has similar limitations as with the intact molecule. The exact elemental
composition cannot be determined with absolute certainty, and without gas-phase
fragmentation, the linear amino acid sequence cannot be verified. However, in the
case of a biotherapeutic protein, the DNA sequence and thus the intended amino
acid sequence are known. Therefore, when combined with orthogonal historical
data (e.g., middle-down sequencing and/or peptide mapping as discussed below),
accurate monoisotopic masses of the IdeS fragments yield high-confidence data
for primary structure confirmation.

Considering the sequencing of mAbs, subunit/fragment analysis is quite
advantageous because the smaller units are more amenable to common
gas-phase fragmentation modes. Thus, middle-down sequencing can be useful in
providing increased confidence in primary structure verification (19). However,
fragmentation is often incomplete for subunits and fragments such that additional
methods are commonly needed to increase sequence coverage and localize PTMs.
Often, this is achieved through peptide mapping platforms that utilize more
extensive enzymatic digestion prior to LC-MS and gas-phase fragmentation.

Peptide Mapping

Peptide mapping is the fundamental technique for primary sequence
determination in which a protein is cleaved into peptides using a proteolytic
enzyme and analyzed using LC-MS or LC-MS/MS. Sample preparation for a
“reduced” peptide map involves protein denaturation followed by reduction of the
disulfide bonds, often using DTT or TCEP. The free thiols are typically alkylated
(e.g., iodoacetic acid or iodoacetamide) to prevent disulfides from reforming prior
to digestion (e.g., trypsin or Lys-C). A “non-reduced” peptide map involves the
same sample preparation without the reduction step, allowing identification of the
native positions of disulfide bonds as discussed in more detail below.
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The resulting mixture of proteolytic peptides is then analyzed by LC-MS
using RP-HPLC with UV detection. The chromatographic profile from the protein
digest can be used as an identity assay by matching the protein’s unique set of
peptide peaks to those generated by a previously characterized reference material.
In addition, visual inspection of the UV profile allows easy detection of gross
changes in a peptide, indicating a potential amino acid modification or change
in the primary sequence.

All peaks in the peptide map can be further confirmed by LC-MS based on
mass, MS/MS fragmentation pattern, and retention time. Experimental molecular
masses and gas-phase fragmentation patterns arematched to a predicted theoretical
digest to demonstrate that the antibody contains the correct amino acid sequence
as predicted from the DNA sequence. Peptide mapping is also commonly used to
detect storage-induced modifications (e.g., oxidation, deamidation, clipping) and
PTMs (e.g., glycosylation).

The History of Peptide Mapping

The 1960s

The initial sequencing of peptides byMSwas performed using electron impact
(EI) of derivatized peptides. Peptides were derivatized to amino alcohols prior
to analysis because production of gas-phase ions from inherently non-volatile or
low-volatile species was challenging (62–66). Researchers were able to introduce
manually collected peptide fractions into the mass spectrometer for analysis and
thereby construct a protein sequence. Soon the process was facilitated by the
coupling of GC and MS instruments, as well as the development of computer
algorithms to interpret spectral data (66). Also during this time, MS/MS began to
be developed (67–69). This technique allows one to select and isolate an ionwithin
the mass spectrometer and then impart additional energy to fragment the selected
ion. These experiments were the first to achieve the “sequencing” of peptides in
the gas phase using MS/MS.

The 1970s and 1980s

One of the greatest challenges during early peptide mapping was obtaining
precision between chromatographic experiments, instruments, and analysts.
This lack of reproducibility arose from aspects of the experimental parameters,
including the impurity and activity of enzymes or impurity of mobile phases.
The latter is of paramount importance for the mass spectrometer as it is common
for lower purity solvents to foul the system and cause high background and
suppressed ionization. LC pumps used in the 1980s were also unable to produce
a dependable gradient without ripple and within a small percent of the expected
gradient (± 0.1%), which is critical to reproducible retention times.

The inherent weakness of electron impact-gas chromatography-mass
spectrometry (EI-GC-MS) was the lack of adequate production of gas-phase
ions from peptides. This problem was addressed in the early 1980s with the
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introduction of fast atom bombardment (FAB) ionization (70, 71). This method
allowed for the generation of gas-phase peptide ions without derivatization while
also increasing the size of the peptides that could be ionized. This ionization
method, considered a direct ionization method, is often cited as the one of the
first soft ionization techniques. FAB ionization sources used with tandem MS
instrument platforms such as the hybrid sector-quadrupole or the triple quadrupole
allowed the complete sequencing of native peptides using MS fragmentation
(72–75).

The 1990s

Although some laboratories had access to higher performance configurations
prior to the 1990s (e.g., magnetic sectors and TOFs, more stable LCs, FAB
sources), most laboratories were reliant upon quadrupole instruments. At that
time, many laboratories were instead collecting chromatographic peaks in
combination with N-terminal sequencing (Edman degradation) to confirm the
amino acid sequences of proteins. Higher resolution hybrid instruments became
more available in the 1990s along with purer, more specific enzymes and more
efficient HPLC systems. With these improvements, rapid and reproducible
sequence confirmation of a protein was made possible.

During the latter half of the decade, widespread adoption of MS for peptide
sequencing and protein identification rose with the introduction of ESI and
MALDI sources. ESI was particularly useful for peptide mapping because it
could be directly coupled to high-performance/pressure liquid chromatography
(HPLC) instrumentation. At the same time, two mass spectrometer platforms,
the QTOF and ion trap, were adopted for peptide mapping and protein analysis.
Using this instrumentation, peptide mapping by LC-MS became more common.

Current Peptide Mapping

Present-day peptide mapping methodologies have vastly improved in speed,
reliability, and reproducibility. The most common enzymes for the peptide
mapping of mAbs are the proteases trypsin and Lys-C. The popularity of trypsin,
a serine protease, was first driven by its availability, relative lack of contaminants,
and specificity. Trypsin cleaves proteins on the carboxyl side of the amino acid
residues arginine (R) and lysine (K) except when the following residue is a proline
(76), whereas Lys-C, as the name implies, cleaves proteins on the carboxyl side
of lysine residues (77–81). Enzymatic products from either enzyme are thus
ensured a positively charged residue on both the N-terminal (free amine) and
C-terminal (R or K residue side chain) of each peptide, thereby making them
ideal for positive ion mode MS. The presence of a positive charge on both termini
of the peptide also facilitates tandem MS/MS identifications via detection of both
b- and y-type ions. Most proteins contain numerous arginine and lysine residues
and thus produce a large number of peptides amenable to LC-MS upon tryptic or
Lys-C digestion.
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A number of proteolytic enzymes with alternate specificities are also available
for use in peptide mapping analyses. These include Glu-C, which is capable
of cleaving C-terminal to glutamic acid and aspartic acid residues (82–84);
chymotrypsin, which cleaves C-terminal to Phe, Trp, and Tyr residues and
sometimes Met and Leu (85); and Asp-N, which specifically cleaves N-terminal
to aspartic acid (86). The use of alternate enzymes is typically reserved as a
means to provide complementary data to tryptic or Lys-C peptide profiles, for
example, when increased levels of sequence coverage are necessary (87–90).
These enzymes may be used alone or applied to peptides already generated via
tryptic or Lys-C digestion. This latter strategy, using mixed enzyme digestions,
is often applied when peptides produced from single enzyme digests are not
amenable to MS detection or fragmentation.

Types of Liquid Chromatography and Mass Spectrometry Instruments

Modern instrument configurations for peptide mapping platforms generally
include a UHPLC chromatographic system coupled to a hybrid mass spectrometer.
Improvements in chromatography instrumentation have allowed higher pressure
delivery of mobile phase gradients to the column and, therefore, the use of more
efficient chromatographic supports. Reversed phase (C18) columns are currently
available with sub-2 µm porous particles that provide very high efficiency
separations. Superficially porous silica particles have also been developed
that yield high-efficiency separations with lower back pressures. A variety of
stationary phase chemistries are now available that provide a wider array of
options from which the most optimal separation methods can be determined for
any given protein digest. Although nano and capillary pumps are not uncommon,
it is more customary to use a 2.1 mm ID column with a 200 µL/min flow rate.
Mobile phase A is usually near 100% H2O with an organic modifier of 0.1% to
0.2% TFA or formic acid plus a small fraction of ACN to prevent collapse or
matting of the stationary phase. Mobile phase B is typically ACN with either
some low percentage of H2O and/or isopropyl alcohol.

The typical mass spectrometer found in the biopharmaceutical laboratory has
a resolving power of ≥10 K and sensitivity down to the femtomole level. The
two most commonly used high-resolution MS platforms for peptide mapping are
the QTOF and Orbitrap mass analyzers. Both Orbitrap and TOF-type instruments
are demonstrated in the current chapter to provide excellent platforms for peptide
mapping with high mass accuracy. Perhaps second only to resolution and
mass accuracy, the ability of these instruments to provide short scan times is
a driving force allowing the dramatic improvement in sequence coverage as
seen in recent years. Fast scan time is necessary to monitor eluting peptides,
isolate peptides of interest, and subsequently analyze their ion fragments all
within the ever-decreasing timescale of LC platforms. In addition, the latest mass
spectrometers not only provide fast spectral scanning, resulting in an increased
number of peptides that can be analyzed in a given time, but are also capable
of providing high-resolution, high-quality data in a rather automated fashion.
High-throughput peptide identification today relies heavily on the use of complex
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software algorithms capable of interpreting these large data sets with high levels
of confidence.

Data Acquisition Modes and Sequence Coverage

The one hurdle that must be overcome to confirm a complete amino acid
sequence via LC-MS/MS methods is the production of fragments representing
complete b- and y- ion series (or c- and z- series for ETD) that cover the full length
of each peptide. As seen in the intact and subunit mass analysis experiments
discussed earlier, at times the composition of peptides and proteins may be
inferred by mass alone. For peptides less than 400 Daltons, one might be able
to determine the constituent amino acids (though not the order) based solely on
mass. With increasing peptide size, however, the number of theoretical amino
acid composition permutations isobaric to an observed mass will also increase
(91, 92). Therefore, obtaining comprehensive peptide fragmentation patterns that
rule out alternative identifications is the key to complete and confident amino acid
sequencing. Currently, a number of methods are commonly available for peptide
fragmentation, including threshold dissociation techniques like CID or HCD, or
radical-based mechanisms such as ETD or ECD.

The criteria by which ions are selected for fragmentation during an automated
analysis must also be considered. In a Data Independent Analysis (DIA) approach,
many (or all) ions eluting at a given time are simultaneously fragmented. This
global fragmentation approach can provide excellent protein coverage when
combined with an optimized LC gradient that separates samples well enough so
that only a limited number of peptides coelute at a given time. This ensures that
the resulting MS/MS spectra are not too complex for confident interpretation.
A second option is the use of a data-dependent acquisition (DDA) mode. In
this case, an initial high-resolution MS scan is performed on the eluting peptide
fraction. These data are assessed in real time to determine the most intense (or
top N most intense) ions eluting at the particular time. The top N number of ions
are then sequentially selected for individual fragmentation and the resulting ions
measured at either high or low resolution, depending on the capabilities of the
hybrid instrument used. Regardless of the ion selection mode or fragmentation
method chosen, each MS/MS scan is later assessed (see the Automated Data
Analysis Section below) for a fragmentation pattern that will elucidate the
sequence of constituent amino acids. In general, DDA mode analyses performed
with ion trap, low-resolution MS/MS will have increased sensitivity and speed
compared to high-resolution methods. Although this increases the number
of peptides fragmented for sequencing in a given amount of time, it slightly
reduces the specificity by way of reduced mass accuracy. Conversely, because
higher resolution data require longer scan times, fewer peaks are sampled in this
platform. However, the increase in resolution allows for better mass accuracy,
thereby providing more confident amino acid sequence assignments and peptide
identifications (91, 92). Both low-resolution trap and high-resolution Orbitrap
MS/MS acquisition are capable of producing satisfactory peptide maps.
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Most popular search engines (e.g., Mascot, Sequest) use a combination of both
accurate m/z and MS/MS fragment matching to score for peptide identification
(Bioinformatics chapter/Volume 3, Chapter 7). However, sequence coverage may
be reported as a composition match (peptide-level) or connectivity match (amino
acid-level). Peptide-level coverage is often calculated based on matching the m/z
of a predicted amino acid composition to an accurate m/z measurement of the
intact peptide. In this case, the entirety of that peptide is deemed confirmed and
that segment of the protein is “covered.” When composition matching is used to
report sequence coverage, the percent coverage is calculated by determining the
number of residues comprising each confirmed peptide per the total number of
amino acids in the predicted protein sequence. It is important to note that although
the number and type of residues can often be determined with a high level of
confidence using MS, the sequential order of the amino acids in the peptide is
inferred by matching the observed peptide mass to the theoretical mass derived
from the intended sequence of the original DNA construct.

Connectivity matching is a more in-depth method of reporting sequence
coverage in which each amino acid of a given peptide (and therefore the entire
sequence) is considered independently. Here MS accurate mass data are combined
with MS2 fragmentation to provide not only compositional data but amino acid
sequential connectivity information as well. For an amino acid to be considered
confirmed or covered, the constituent peptide expected to contain that amino
acid must be identified AND a fragment ion (e.g., y- and/or b-type ion for CID
fragmentation) corresponding to the mass of that individual residue must be
observed in one or more MS2 scans to confirm its connectivity within the peptide
sequence. Depending on the properties of the individual peptide analyzed, as
well as the mass spectrometer settings and type of fragmentation employed, a
complete ion series may not be detected for every peptide. Sequence coverage as
determined by connectivity matching is calculated using the number of individual
amino acids confirmed by MS/MS analysis as a percentage of the total number of
amino acids in the predicted protein sequence.

In both peptide-level and amino acid-level coverage reporting, a variety
of parameters must be considered when interpreting reported values. The
acceptance criteria or metrics needed to confidently assign the MS and/or MS2
data for peptide composition or amino acid sequence are not well defined. The
scoring algorithms, mass accuracy tolerance settings, minimum acceptable S/N
threshold levels, number and type of fragment ion(s) required for identification,
and minimum number of scans in which the ion or fragment ion is identified
are several examples of important factors that may affect percent coverage.
It should be noted that collection of MS/MS data does not always imply that
amino acid-level coverage is reported. Often protein coverage is reported at the
compositional level but is only partially covered at the sequence, or connectivity,
level. In this case, the MS/MS data are used to identify a given peptide to a
pre-defined confidence level, and the results are reported at the peptide level.
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Automated Data Analysis

The quantity and complexity of MS and MS/MS data generated in a peptide
map can be significant. Initial platforms built for the automated analysis of peptide
mapping data have been primarily leveraged from proteomic bioinformatics tools
that focus on protein identification using database searching algorithms. In these
experiments, sequence coverage is secondary to the number of peptides identified
per protein because the greater the number of peptides identified, the higher the
confidence in the identification of that protein. For biopharmaceutical protein
characterization purposes, however, the importance of identifying and localizing
PTMs and even single amino acid substitutions necessitates complete connectivity
sequence coverage. Algorithms geared toward biopharmaceutical characterization
should include a means of calculating sequence coverage at this level so that any
ambiguous regions are easily identified for further evaluation. In addition, high-
throughput identity testing would be facilitated by software capable of producing
an annotated chromatogram mapping the identified peptides and tabulated masses
to each UV peak. The end goal here would then be to automate the matching of UV
chromatograms to an annotated reference trace so that any changes in the profile,
even those at low levels, can be detected in an unbiased and reliable manner. A
number of emerging software packages are available today geared toward such
in-depth levels of protein characterization, and their various analytical strategies
are discussed in the Bioinformatics chapter/Volume 3, Chapter 7.

Experimental Materials and Methods

Labs 1 and 2 performed peptide mapping of the NISTmAb using a variety of
enzymes and digest conditions as discussed below.

Lab 1

Enzyme Digestion for Peptide Mapping

The mAb was denatured in buffer comprising 6 mol/L guanidine
HCl in 1 mmol/L ethylenediaminetetraacetic acid (EDTA) and 0.25 mol/L
Tris(hydroxymethyl)aminomethane/ Tris(hydroxymethyl)aminomethane HCl
(Tris), pH 7.5. DTT was added to a final concentration of 10 mmol/L, and the
IgG was reduced at 37 °C for 30 min. Iodoacetamide (IAM) was added to a final
concentration of 20 mmol/L, and the sample was alkylated at room temperature
for 30 min in the dark. Alkylation was quenched by the addition of DTT to a
total, final concentration of 20 mmol/L. The sample was then buffer exchanged
with solution comprising freshly made 2 mol/L urea in 0.1 mol/L Tris, pH 7.8.
MS-grade trypsin, sequencing-grade chymotrypsin, or sequencing-grade Glu-C
was added at a 1:35 (enzyme:IgG) mass ratio. Using a microwave hydrolysis
system (Discover Proteomics model 908005, CEM Corp, Matthews, NC),
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digestion proceeded in SPS mode for 30 min at 50 °C. Digests were brought to a
concentration of 0.5 µg/µL with 0.1% TFA for MS analysis.

Peptide Mapping MS Analysis

LC-MS/MS was performed using the Dionex UltiMate 3000 UHPLC
system coupled to the Orbitrap Elite mass spectrometer with heated electrospray
ionization source (HESI II) (Thermo Scientific, Waltham, MA). Peptides (10 µg)
were loaded onto a C18 column (3 µm, 15 cm × 2.1 mm; Supelco Analytical
Discovery BIO Wide Pore, Sigma-Aldrich, St. Louis, MO) via autosampler and
washed for 10 min using 97% mobile phase A (volume fraction of 0.1% formic
acid in water) and 3% mobile phase B (volume fraction of 0.1% formic acid in
ACN) at a flow rate of 0.200 mL/min. Peptide elution was achieved over a 110
min linear gradient increasing from 3% to 45% mobile phase B. MS data were
collected using DDA mode with one cycle of experiments consisting of one
full MS scan followed by MS/MS of the ten most intense peaks, with dynamic
exclusion enabled. CID fragmentation was performed using a normalized
collision energy of 35, activation Q of 0.250 and activation time of 10 ms. MS/MS
fragment ions were analyzed in the ion trap.

Peptide Identification

MS data were interrogated using the Byonic software package (Protein
Metrics, Inc., San Carlos, CA). Data were searched for peptides with a static
modification of cysteine carbamidomethylation (+57.021464 Da) and variable
modifications of methionine oxidation (+15.994915 Da), asparagine deamidation
(+0.984016 Da), succinimide intermediate (−17.02655 Da), protein C-terminal
loss of lysine (−128.094963 Da), loss of C-terminal glycine-lysine (−185.116423
Da), loss of C-terminal glycine-lysine with amidation of proline (−186.100443
Da), protein N terminal pyro-glutamate (−17.02655 Da), and lysine glycation
(+162.05282 Da). Chymotrypsin cleavage sites were set at low specificity (C
terminal to Phe, Trp, Tyr, Met, and Leu residues); Glu-C cleavage sites were
set C-terminal to Asp and Glu. Mass tolerance was set at 5 ppm for parent ions
and 0.4 Da for fragment ions. A high confidence level of |Log Prob| > 3 was
used for acceptance of peptide identifications obtained through Byonic searches.
Glycopeptides were identified using both Byonic and manual inspection of
MS/MS spectra.
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Lab 2

Enzyme Digestion

The NISTmAb was buffer exchanged to 10 mg/mL in 100 mM Tris-HCl, pH
8.2. Prior to digestion, reduction of disulfide bonds was performed by adding 500
mMTCEP and 7M guanidine-HCl with incubation for 1 hour at 40 °C. Alkylation
of the cysteines was then performed with 225 mM sodium iodoacetate at ambient
temperature for 1 h in the dark. The NISTmAb was diluted to approximately 3
mg/mL with HPLC-grade water and enzymatically cleaved with Lys-C using an
enzyme:substrate mass ratio of 1:20 at 30 °C for 16–20 h. Following incubation,
the reaction was quenched with TCEP and TFA and mixed well. The digest was
placed at 2 °C to 8 °C for storage prior to analysis by LC-MS.

Peptide Mapping

The digested sample (5 µg) was injected onto a Waters XBridge BEH C18,
3.5 µm, 2.1 × 150 mm column (Milford, MA) heated to 60 °C and eluted using a
2 h reversed phase gradient at a flow rate of 0.2 mL/min in which mobile phase A
was 0.05% TFA in water and mobile phase B was 0.05% TFA in 95% ACN. The
peptide mapping experiment was performed on a Waters Alliance HPLC with
UV detection at 214 nm and 280 nm, coupled to an ultrahigh-resolution Bruker
Daltonics maXis QTOF mass spectrometer (Billerica, MA). MS acquisition
parameters included the capillary voltage: 4.2 kV, nebulizer gas: 1.6 bar, dry
gas: 8.0 L/min, collision energy: 6 eV, and scan range m/z 200 to m/z 2500 were
optimized for peptides on the Bruker maXis QTOF mass spectrometer.

Peptide Identification

Post-acquisition data processing was performed using Data Analysis software
from Bruker Daltonics (Billerica, MA) by matching parent ion masses to a
theoretical Lys-C digest of the NISTmAb using Sequence Editor software.
Observed masses for peptides were determined from the most abundant multiply
charged parent ion in the mass spectrum of each peak and matched to its
monoisotopic theoretical mass with an allowed mass error of ≤2 ppm.

Non-Reduced Peptide Map

The NISTmAb was diluted to 2 mg/mL with 100 mM Tris, pH 8.2 buffer. A
100 µg aliquot of the mAb was pre-alkylated and denatured with 4 µL of 100 mM
IAM (prepared fresh) and 136 µL of denaturation buffer (7 M guanidine-HCl,
100 mM Tris, pH 8.2) for 1 h at 40 °C and protected from light. The protease
Lys-C was added at a ratio of 1:10 (enzyme:substrate) and incubated for 6 h.
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Prior to loading on the HPLC auto-sampler, which was held at 4 °C, the sample
was acidified with a small amount of TFA. The Lys-C digestion mixture (5 µg)
was injected onto a column held at 60 °C and peptides eluted with the same
gradient, mobile phases, flow rate, and mass spectrometer settings as described
above for the reduced and alkylated peptide mapping experiment. In addition,
post-acquisition data processing was performed using Data Analysis software
from Bruker Daltonics (Billerica, MA) and by matching the disulfide-linked
peptide masses to a theoretical, non-reduced Lys-C digest of the NISTmAb using
Sequence Editor software.

Results and Discussion

A representative Lys-C peptide map (Lab 2) analyzed by LC-MS is shown in
Figure 13, with corresponding observed mass values for each peak listed in Table
7. This enzyme has been purified and characterized from Achromobacter lyticus
M497-1, Lysobacter enzymogenes, and Pseudomonas aeruginosa and cleaves C-
terminal to lysine residues, including those followed by proline (77–81). Studies
have shown Lys-C to be active within a fairly broad pH range (approximately pH
8 to pH 10), typically exhibiting higher enzymatic activity than bovine trypsin and
retaining activity in the presence of chaotropic agents such as urea or guanidine
that are often needed to effectively denature mAbs (77–81, 93, 94). In addition
to these attributes, Lys-C digestion generates fewer peptides than trypsin, lending
itself to simpler UV chromatograms with fewer peaks. However, because there is
no cleavage at Arg residues, Lys-C digests may contain a greater number of large
peptides than tryptic digests, which may be intractable to complete amino acid
sequence coverage by MS/MS.

In the current example, major and minor peaks for the NISTmAb were
identified by online LC/MS. The observed masses for each peak in Figure 13
(Table 7) were consistent with the expected Lys-C peptides for this antibody as
predicted from a theoretical digest. Several small peptides were not detected in the
peptide map, presumably due to insufficient interaction with the chromatographic
column (C18) stationary phase. Peptides corresponding to 97% of the L chain and
96% of the H chain amino acid sequences were detected, yielding nearly complete
compositional sequence confirmation of the NISTmAb primary structure. High
mass accuracy MS is critical for peptide assignments. In the current example,
all peptides were identified within a mass error of ≤2 ppm, thereby providing
confident identification. Peptide maps used for product characterization typically
employ relatively long chromatographic gradients (>1 h) with the goals of
obtaining 100% sequence coverage and identifying any detectable modified
peptides. During this characterization stage, low sample throughput and
high-efficiency separations are necessary for comprehensive sequence coverage.

Table 7 and Figure 13 are excellent examples of the type of characterization
one may see in a typical licensure application to support the validity of a peptide
map for identity testing. Such a table may eventually include retention times,
relative peak areas, and related performance specifications for peaks deemed to
correspond to critical quality attributes. Similar tables were generated for each of
the peptide maps collected during preparation of this chapter, each of which will
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be summarized below to focus primarily on attributes specific to primary structure
confirmation. The reader is directed to the PTMs chapter/Volume 2, Chapter 3
for more detailed information on low-level modifications and methods for their
identification.

Figure 13. Lys-C peptide mapping of NISTmAb by liquid chromatography-UV-
mass spectrometry (LC-UV-MS).

The first column in Table 8 contains a summary of the Lys-C peptide
mapping data presented in Table 7 and Figure 13. The table demonstrates that
a very high peptide-level coverage was attained and further confirms assertions
about modifications determined through intact and middle-down analysis. For
example, the peptide map confirms the predominance of glutamine conversion to
pyroglutamic acid on the N-terminus of the H chain as well as minor levels of
C-terminal lysine present. Localization of these modifications to specific peptides
further verifies their terminal location.

The Lys-C peptide map results also indicate the presence of only one N-
glycosylation site, further verifying that N-glycosylation is not present on the Fab
region of the NISTmAb. The consensus sequence (NST) was identified in the Fc
region with a variety of N-glycan compositions (e.g., G0F, G1F) expected for an
IgG1 mAb produced in murine-derived cells. The major and minor N-glycoforms
identified are in direct agreement with the top- and middle-down results, as well
as the released N-glycan results described in the Glycosylation chapter/Volume 2,
Chapter 4. Of particular note are the +Hex species listed in Table 8, which suggest
that α-Gal-containing N-glycans may be present in the NISTmAb. This is further
supported by data presented in the Glycosylation chapter/Volume 2, Chapter 4.
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Table 7. Theoretical and Observed Peptides for NISTmAb Lys-C Peptide Map

Light (L) Chain

Peptidea Theoretical Mass (Da)b Observed Mass (Da)c Confirmed Sequence

L(1-38) 4275.9987 4275.9927 DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQK

L(1-41) 4558.1680 4558.1644 DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQKPGK

L(39-41) 300.1798 Detected as L(1-41) PGK

L(42-44) 314.1954 Not Detected APK

L(45-52) 951.5277 951.5276 LLIYDTSK

L(53-102) 5250.4081 5250.4038 LASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFT-
FGGGTKV

L(103-106) 487.3006 487.3001 VEIK

L(107-125) 2101.1208 2101.1190 RTVAAPSVFIFPPSDEQLK

L(126-144) 2126.0466 2126.0448 SGTASVVCLLNNFYPREAK

L(145-148) 559.3118 559.3120 VQWK

L(149-168) 2134.9614 2134.9598 VDNALQSGNSQESVTEQDSK

L(169-182) 1501.7512 1501.7504 DSTYSLSSTLTLSK

L(183-187) 624.2755 624.2754 ADYEK

L(188-189) 283.1644 Not Detected HK
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Light (L) Chain

Peptidea Theoretical Mass (Da)b Observed Mass (Da)c Confirmed Sequence

L(190-206) 1875.9037 1875.9030 VYACEVTHQGLSSPVTK

L(207-213) 869.3338 869.3334 SFNRGEC

Heavy (H) Chain

Peptidea Theoretical Mass (Da)b Observed Mass (Da)c Confirmed Sequence

H(1-13) 1379.7770 1379.7764 qVTLRESGPALVK (Gln → pyro-Glu, Q1)

H(1-45) 4788.4620 4788.4581 qVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVG-
WIRQPPGK (Gln → pyro-Glu, Q1)

H(14-45) 3426.6952 3426.6909 PTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGK

H(46-58) 1659.7933 1659.7932 ALEWLADIWWDDK

H(59-59) 146.1050 Detected as H(46-59) K

H(46-59) 1787.8883 1787.8864 ALEWLADIWWDDKK

H(60-66) 857.4396 857.4394 HYNPSLK

H(67-73) 831.4814 831.4812 DRLTISK

H(74-77) 449.2122 Not Detected DTSK

H(78-83) 699.4279 699.4274 NQVVLK

H(84-124) 4631.0607 4631.0577 VTNMDPADTATYYCARDMIFNFYFDVWGQGTTVTVSSASTK

H(125-136) 1185.6394 1185.6390 GPSVFPLAPSSK

Continued on next page.
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Table 7. (Continued). Theoretical and Observed Peptides for NISTmAb Lys-C Peptide Map

Heavy (H) Chain

Peptidea Theoretical Mass (Da)b Observed Mass (Da)c Confirmed Sequence

H(137-150) 1321.6548 1321.6544 STSGGTAALGCLVK

H(151-208) 6186.0205 6186.0128 DYFPEPVTVSWNSGALTSGVHTFPAVLQSS-
GLYSLSSVVTVPSSSLGTQTYICNVNHK

H(151-213) 6713.2910 6713.2844 DYFPEPVTVSWNSGALTSGVHTFPAVLQSS-
GLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTK

H(209-213) 545.2809 Detected as H(151-213) PSNTK

H(214-216) 360.2009 360.2002 VDK

H(217-221) 627.3704 627.3704 RVEPK

H(222-225) 509.1792 Not Detected SCDK

H(226-249) 2620.2706 2620.2678 THTCPPCPAPELLGGPSVFLFPPK

H(226-251) 2845.4183 2845.4163 THTCPPCPAPELLGGPSVFLFPPKPK

H(250-251) 243.1583 Detected as H(226-251) PK

H(252-277) 2955.4190 2955.4191 DTLMISRTPEVTCVVVDVSHEDPEVK

H(278-291) 1676.7947 1676.7916 FNWYVDGVEVHNAK

H(292-293) 247.1532 Detected as H(292-320) TK

H(292-320)d 4904.3240 4904.3208 TKPREEQYNSTYRVVSVLTVLHQDWLNGK
+ [G0F]

H(321-323) 438.2114 438.2113 EYK
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Heavy (H) Chain

Peptidea Theoretical Mass (Da)b Observed Mass (Da)c Confirmed Sequence

H(324-325) 307.1202 Not Detected CK

H(326-329) 446.2489 Not Detected VSNK

H(330-337) 837.4960 837.4958 ALPAPIEK

H(338-341) 447.2693 447.2686 TISK

H(342-343) 217.1426 Not Detected AK

H(344-363) 2342.1689 2342.1666 GQPREPQVYTLPPSREEMTK

H(364-373) 1161.6064 1161.6048 NQVSLTCLVK

H(374-395) 2543.1241 2543.1216 GFYPSDIAVEWESNGQPENNYK

H(396-412) 1872.9145 1872.9140 TTPPVLDSDGSFFLYSK

H(413-417) 574.3326 574.3324 LTVDK

H(418-442) 3044.3770 3044.3712 SRWQQGNVFSCSVMHEALHNHYTQK

H(443-449)e 659.3490 659.3485 SLSLSPG
a Samples were reduced, alkylated, and digested with Lys-C. Peptides were separated by reversed-phase-high-performance liquid chromatography (RP-
HPLC) with UV detection at 214 nm and mass spectrometry (MS) performed by ultrahigh-resolution-electrospray ionization-quadrupole time-of-flight mass
spectrometry (UHR-ESI-QTOF MS). “L” represents light chain, “H” represents heavy chain. Lys-C residues are numbered sequentially starting at the
N-terminus of the subunit. b Theoretical monoisotopic masses following alkylation with sodium iodoacetate were calculated using the Sequence Editor
application in Data Analysis (Bruker Daltonics, version 4.0). c Observed monoisotopic masses were determined from the most abundant multiply charged
ion in the mass spectrum with Biotools (Bruker Daltonics). The relative errors between theoretical and observed mass values were less than 2 ppm, which
is consistent with the performance specifications of the Bruker Daltonics maXis mass spectrometer for peptide analysis. d Additional N-glycoforms are
described in Table 8. e A peptide containing C-terminal lysine was also detected at a minor level.
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Although not discussed in detail in the current chapter, peptide mapping also
confirmed the presence of glycated and oxidized residues in the NISTmAb as
indicated by subunit analysis and presented in more detail in the PTMs chapter/
Volume 2, Chapter 3. Collectively, all of the peptide identifications reported are
consistent with those predicted earlier by the intact and subunit analysis data. This
provides a good example of the utility of orthogonal assays to corroborate results.

During product and method development, multiple peptide mapping
strategies may be explored to find the enzyme/column/MS combination that yields
the highest level of information for a specific product. For example, the digest
efficiency of prospective proteases are one variable to consider. As is evident
from Table 7 and is common for any protease, a number of peptides with missed
cleavages (e.g., H(151-213)) may be detected in a peptide map as opposed to the
fully processed peptides. Missed cleavages can be the result of many factors,
including inaccessibility of the protease to cleavage sites and/or reduced enzyme
activity due to the presence of certain amino acids in the sequence (95). In
addition, individual proteins may contain closely spaced cleavage sites generating
very small peptides (2 to 4 amino acids). Such small peptides may not bind to a
C18 column or ionize efficiently in the MS source due to limited protonation sites,
thereby reducing the likelihood of detection and consequently the level of protein
sequence coverage. At times, missed cleavages can improve sequence coverage
by providing sequence information in regions that may otherwise produce small
peptides. Alternatively, orthogonal proteases whose cleavage specificity would
generate larger peptides in those regions may be used to provide complete
sequence coverage. An example of this combinatorial approach for bottom-up
peptide mapping was performed in Lab 1 using data from separate digestions with
different enzymes (Trypsin, Glu-C, and chymotrypsin). Results from the trypsin
and Glu-C peptide maps are summarized in Table 8 and Figure 14.

In assessing each method individually, all four peptide maps contained in
this chapter yielded significant peptide-level coverage of the NISTmAb. Lys-
C, trypsin, and chymotrypsin (data not shown) all resulted in >90% sequence
coverage of the H and L chains. Figure 14 presents the summation of peptide-level
coverage of the NISTmAb collected in Labs 1 and 2 using the different enzymatic
digests. Taken together, these multiple peptide maps provide 100% primary amino
acid sequence confirmation of the NISTmAb and again highlight the value of using
orthogonal methods.
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Table 8. Summary of NISTmAb Peptide Mapping by Liquid Chromatography-Mass Spectrometry (LC-MS) and by Liquid
Chromatography-Tandem Mass Spectrometry (LC-MS/MS) Using Multiple Enzymes

Characteristics Lys-C (LC-MS) Trypsin (LC-MS/MS) Glu-C (LC-MS/MS)

Amino acid
sequence
confirmation

Light (L) chain peptide-level coverage:

• 97%: detected peptides represent 208
out of 213 residues

• MS/MS not conducted
Heavy (H) chain peptide-level coverage:

• 96%: detected peptides represent 433
out of 450 residues

L chain peptide-level coverage:

• 96%: detected peptides represent 205 out of
213 residues

• MS/MS amino acid-level coverage 94%a

H chain peptide-level coverage:

• 99%: detected peptides represent 444 out of
450 residues

• MS/MS amino acid-level coverage 99%a

L chain peptide-level coverage:

• 100%: detected peptides represent
213 out of 213 residues

• MS/MS amino acid-level coverage
95%a

H chain peptide-level coverage:

• 62%: detected peptides represent
277 out of 450 residues

• MS/MS amino acid-level coverage
56%a

Terminal
amino acid
sequence

N-terminal peptides detected:

H(1-13): (Gln → pQ, Q1)

L(1-38)

C-terminal peptides detected:

H(443-449) des-lysine form

H(443-450) detected at minor level

N-terminal peptides detected:

H(1-5): (Gln → pQ, Q1), H(1-45): (Gln → pQ,
Q1)

L(1-18), L(1-28)

C-terminal peptides detected:

H(443-449) des-lysine form

N-terminal peptides detected:

H(1-6): (Gln → pQ, Q1)

L(1-49)

C-terminal peptides detected:

H(434-449) des-lysine form

H(434-450) detected at minor level
Continued on next page.
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Table 8. (Continued). Summary of NISTmAb Peptide Mapping by Liquid Chromatography-Mass Spectrometry (LC-MS) and by
Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) Using Multiple Enzymes

Characteristics Lys-C (LC-MS) Trypsin (LC-MS/MS) Glu-C (LC-MS/MS)

L(207-213)
H(443-450) detected at minor level

L(207-213)
L(195-213)

N-linked
glycosylation

N-linked glycosylation site confirmed
at Asn300 in the H(292-320) peptide
(major) and the H(294-320) peptide
(trace)

N-glycans detected (identities and
relative abundances):

Major: G0F, G1F

Minor: G2F

Trace: G0, G1; Man5; G0F–[GlcNAc],
G1F–[GlcNAc], G2F–[GlcNAc];
G1F+[GlcNAc], G2F+[GlcNAc],
G3F+[GlcNAc], G2F+[Hex], and
G2F+2[Hex]

N-linked glycosylation site confirmed at Asn300 in
H(292-304) glycopeptides (major) and H(296-304)
glycopeptides (trace)

N-glycans detected (identities and relative
abundances):

Major: G0F, G1F

Minor: G2F, G0F−[HexNAc]

Trace: Man5, G1F−[HexNAc], G2F+[Hex],
G2F−[HexNAc], G2F+[Hex][Hex]

Trace levels of aglycosylated H(292-304) and
H(296-304) peptides detected

N-linked glycosylation site confirmed
at Asn300 inH(298-321) glycopeptides

N-linked glycopeptides detected
(identities and relative abundances):

Major: G0F, G1F

Minor: G2F, G0F−[HexNAc]

Aglycosylated peptide not detected

a Amino acid-level coverage calculated based on observation of an MS/MS b- or y-type ion corresponding to the specific amino acid as identified using
software parameters described in Lab 1 materials and methods. MS/MS fragmentation spectra were used to support peptide identification as described in Lab
1 materials and methods.
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From a complete peptide sequencing standpoint, the tryptic peptide map
provides the highest level of sequence coverage (96% of the L chain and 99%
of the H chain) for the NISTmAb using a single enzyme. Trypsin is perhaps the
most commonly used protease for bottom-up methods for a number of reasons.
This enzyme cleaves C-terminal to Lys and Arg residues and generates peptides
well suited for mass spectrometric analysis for several reasons. Size is one such
attribute. An average tryptic peptide is composed of only 12 to 26 amino acids,
which is typically large enough for suitable chromatographic retention but not
too large for informative MS/MS fragmentation (96). Another advantage of
tryptic peptides is their charge. Because tryptic peptides terminate in positively
charged (basic) Lys and Arg residues, they are readily detected at the MS level,
and their chemical properties promote highly informative and easily interpreted
y-ion series fragmentation by low-energy CID MS/MS (76).

Glu-C is another enzyme that would typically find use only under unique
circumstances. This protease was originally isolated from Staphylococcus aureus,
and its substrate specificity is buffer-dependent. In buffers containing sodium or
potassium phosphate, Glu-C cleaves amide bonds C-terminal to both Glu and Asp
residues, and Lab 1 observed cleavage for both residues in urea/Tris digestion
buffer in the current experiment. In the presence of ammonium bicarbonate or
acetate, however, cleavage after Asp residues is highly preferred (82–84, 97).
Although Glu-C digestion resulted in 100% sequence coverage for the L chain
of the NISTmAb peptide map, only 62% sequence coverage was obtained for the
H chain, which was likely due to the infrequency of cleavage sites in this subunit,
creating a prevalence of large, unwieldy peptides.

Chymotrypsin is not used routinely for peptide mapping but may have useful
applications in specific cases, such as when complete sequence coverage cannot
be achieved using trypsin or Lys-C. This enzyme has lower specificity than trypsin
or Lys-C, with C-terminal cleavage occurring predominantly after Phe, Trp, and
Tyr and sometimes after Met and Leu residues (85), albeit with lower frequency.
This higher number of possible cleavage sites can give rise to smaller peptides than
those produced by trypsin or Lys-C. The Lab 1 results obtained for chymotryptic
digestion (data not shown) yielded 89% and 91% sequence coverage of the L and
H chains, respectively.

The ruling principle for choosing the most appropriate peptide mapping
platform is to determine the methodology that will elucidate the broadest range of
product attributes. This determination should not be based on protein sequence
coverage alone but should also take into consideration which methodologies
can be relied upon to resolve and quantify critical quality attributes and identify
potential product-related impurities even at low levels. Although a variety of
additional factors are involved in such a decision, it seems that in the case
of the NISTmAb, a combination of Lys-C and trypsin peptide maps would
provide optimum sequence coverage (collective) while allowing very selective
and sensitive observation of modifications such as terminal and N-glycosylated
peptides. It should be noted that even with both peptide maps, the short
H(324-329) peptide is not detected with these enzymes. If this peptide were
known for susceptibility to certain critical PTMs or detrimental modifications, it
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may then be important to consider using a different enzyme or combination of
enzymes.

Figure 14. NISTmAb Peptide Coverage. Tryptic (solid underline), Lys-C
(dot-dash underline), and Glu-C (dashed underline) peptide-level coverage of
the NISTmAb as analyzed by liquid chromatography-mass spectrometry (LC-MS)

and/or tandem mass spectrometry (MS/MS). (see color insert)
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Although enzyme choice can heavily influence the level of protein sequence
coverage obtained via peptide mapping, it is not the only parameter to require
optimization. Sequence coverage is also subject to the manner in which the data
are processed. The results derived from any LC-MS analysis will undoubtedly
change if data processing methods or scoring thresholds are significantly altered,
even on the same data set. For example, setting more stringent cutoff values that
a data point must meet in order to be considered valid can reduce the number of
identified peptides and therefore protein sequence coverage. These parameters
include S/N thresholds and mass accuracy tolerance.

In addition to selecting parameters that will ensure accurate results for the
sample as a whole, some aspects of an optimized peptide mapping method will
include steps or settings designed to focus on a specific attribute. For example,
when a particular amino acid residue or its potential modifications are of critical
importance to product quality, the MS/MS fragmentation mode, energies, and so
forth for its peptide of residence can be specifically optimized to achieve product
ions that will provide unambiguous determination of the status of that residue. The
same can be said for sample preparation steps, wherein specific steps may be added
or modified to target a particular attribute of the mAb such as the identification
of glycosylation site(s) (Glycosylation chapter/Volume 2, Chapter 4) or disulfide
bonding pattern as discussed below.

Non-Reduced Peptide Mapping

Disulfide bond linkages are essential to the higher order structure of
an antibody, and consequently, its biological activity (98). Each different
IgG-type (IgG1, IgG2, IgG3, and IgG4) has its own individual set of predicted
and unique disulfide bond linkages between the sulfurs of cysteine residues
(99–106). IgG2-type mAbs have more complex disulfide bond linkages due
to a mixture of isoforms, designated as IgG2-A, -B, and –A/B (49, 50, 107,
108). It is important to have correct disulfide bond linkage formation for proper
protein folding, structure, and function. To examine the disulfide bond linkages
of an antibody, non-reduced peptide mapping by LC-MS has emerged as a
powerful tool (109–111). In the current non-reduced peptide map, the antibody
is typically denatured, pre-alkylated, and enzymatically cleaved to generate
peptides. Disulfide-containing peptides are then chromatographically separated
and identified by LC/MS.

Typical to IgG1 antibodies, the NISTmAb contains 32 cysteine residues in
the intact, four-chain protein and is predicted to form sixteen disulfide bonds.
Consistent with the structural homology of an IgG1 mAb, these linkages include
four inter-chain and twelve intra-chain disulfide linkages (106). The non-reduced
peptide map provided confirmation that the cysteine residues of the NISTmAb are
correctly paired as predicted. This method uses a pre-alkylation step and digestion
at neutral pH with the protease Lys-C to prevent any disulfide scrambling. The
predicted disulfide-bonded peptides resulting from a Lys-C digest are shown in
the schematic Figure 1 with the paired cysteine residues numbered.
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The resulting disulfide-bonded proteolytic peptides were identified by Lab 2
using LC/MS. Only eight unique disulfide-linked peptides are expected, and all
eight disulfide-linked peptides were confirmed as shown in Table 9. Use of the
non-reduced peptide map demonstrates that the NISTmAb contains the correct
disulfide linkages for an IgG1 molecule with no detectable mispaired peptides.

Further site-specific verification using fragmentation techniques can also be
performed in this type of analysis. For example, ETD will preferentially cleave
cysteine disulfide bonds rather than the backbone of the peptides they connect,
resulting in an MS2 spectrum consisting of the individual peptides originally
associated via the disulfide linkage. A second round of fragmentation using HCD
or CID may then be performed on the dissociated peptides in an MS3 experiment
to obtain and confirm sequence information of the peptides (112, 113).

Peptide Maps for Identity Testing

Peptide mapping is a robust strategy that provides site-specific information
on protein sequence and is therefore a highly useful tool for identity testing.
Most often, MS and MS/MS data are used during initial characterization phases
to determine peptide identity at each retention time. In subsequent analyses,
for example, release testing of drug substance, it is often then inferred that
peaks conforming to expected retention times and intensities are of the same
composition as those characterized within the same peaks of the initial, fully
characterized reference map.

To verify that a peptide mapping method is capable of confirming the identity
of the desired drug substance via MS and MS/MS, the method should also be
thoroughly tested for its ability to differentiate the product from others because
specificity is the most important aspect of an identity assay. To accomplish this,
the peptide map may be challenged with stressed product, synthetic peptides,
highly similar molecules, and highly unrelated molecules (114). In addition to
meeting general criteria such as the absence of new peaks, a visual inspection
of retention times and peak area intensities must meet predetermined criteria
to confirm the identity of the sample, and this may be done only after a very
high-level understanding of method performance and limitations has been
established. The use of MS early in the development of the peptide map has
become commonplace because such historical data will become useful when
significant new or deviant peaks do appear. Cumulative method knowledge
improves the likelihood that unexpected peaks have been previously observed
during qualification with challenge material and thus can be readily identified. In
addition to selectivity, a validated peptide map is often evaluated for precision, as
well as robustness, in respect to expected variations in sample preparation and/or
analytical operations.
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Table 9. Theoretical and Observed Disulfide-Linked Peptides for NISTmAb

Disulfide-Linked Peptidesa Confirmed Disulfide Linkages Theoretical Mass (Da) Observed Mass (Da)b

Intra-chain

H(1-45)-S-S-H(84-124) Cys22-Cys97 9301.5025 9301.4958

H(137-150)-S-S-H(151-208) Cys147-Cys203 7389.6490 7389.6340

H(252-277)-S-S-H(324-325) Cys264-Cys324 3144.5141 3144.5127

H(364-373)-S-S-H(418-442) Cys370-Cys428 4087.9567 4087.9524

L(1-41)-S-S-L(53-102) Cys23-Cys87 9690.5500 9690.5937

L(126-144)-S-S-L(190-206) Cys133-Cys193 3883.9230 3883.9206

Inter-chain

L(207-213)-S-S-H(222-225) Cys213-Cys223 1260.4863 1260.4856

H(226-251)-S=S-H(226-251) Cys229-Cys229
Cys232-Cys232 5454.7834 5454.7776

a “H” denotes the heavy chain, and “L” denotes the light chain; “-” represents one disulfide bond, and “=” represents two disulfide bonds, the putative locations
of which are indicated in the second column. b Observed monoisotopic masses were calculated from the most abundant multiply charged ion in the mass
spectrum. All observed masses agree with theoretical masses to within 5 ppm, which is consistent with the instrument performance specification of the Bruker
maXis mass spectrometer for peptide analysis.
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Discussion

The current data set serves as a representative example of how peptide
mapping can be used to characterize the primary amino acid sequence of a
therapeutic protein. Bottom-up peptide mapping provides a wealth of information
on product identity and associated PTMs. By using a peptide mapping approach,
a number of amino acids with PTMs were detected in the NISTmAb that could not
be conclusively verified by intact and/or subunit analysis methods. The peptide
mapping discussion in the current chapter focused primarily on N-terminal,
C-terminal, and N-glycosylation PTMs; however, additional discussion of
peptide mapping for verifying other PTMs, such as deamidation and methionine
oxidation, are discussed in the PTMs chapter/Volume 2, Chapter 3.

As demonstrated above, the practice of peptide mapping is not fail-safe
and must have adequate checks and balances (e.g., system suitability, in-house
reference standard, analyst training, product knowledge). One must again keep in
mind, as discussed in the PTMs chapter/Volume 2, Chapter 3, sample processing
may result in the introduction of method-induced modifications (e.g., oxidation,
deamidation). The development of an optimized peptide mapping strategy would
incorporate stringent evaluation of potential method-induced artifacts and a final
robustness evaluation during method qualification. Historical knowledge of the
method and product may provide troubleshooting guidelines when results fall
outside of known acceptance criteria, and orthogonal methodologies such as intact
and subunit analyses can be useful to differentiate product-related artifacts from
method-related artifacts. Completely orthogonal techniques, such as separation
methods and/or biophysical techniques, may also be utilized when a specific
attribute is thought to be affected.

Analysis Limitations—Reference Material Complexity

This exercise of confirming that the NISTmAb is what it is purported to
be must also include a statement of what cannot be ascertained due to subtle
aspects of the reference material complexity. That is to say, is each and every
chromatographic peak, spectral ion, and collective piece of data fully accounted
for and in agreement? When considering the presented data, has every aspect
of potential reference material heterogeneity been observed? Although this
is the ultimate pursuit, developing technologies and further investigation will
undoubtedly reveal new product attributes. It is for this very reason that a widely
available reference material characterized to the highest industry standards is
necessary. When such questions do arise, a class-specific molecule that may
have similar characteristics to the product in question can be widely deployed to
evaluate new technology.

A related notion should also be mentioned in regard to product purity. There
currently are no absolute means to unequivocally demonstrate the absence of
aberrant proteins (i.e., non-intended therapeutic proteoforms) or process-related
proteins (host cell proteins [HCPs]). Historically, due to the unavailability of a
suitable methodology to certify a material as 100% free of impurities, whether
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product-related or otherwise, biopharmaceutical companies have relied on a
toolbox approach, using many orthogonal techniques to demonstrate that the drug
substance or product does not contain impurities over a specified level. Depending
on the nature of other potential process-related impurities, (endotoxins, HCPs,
adventitious agents, extractables, and leachables) the level to which a company
must demonstrate the removal of these from clinical material is dependent upon
the known safety profile of individual impurities. The availability of a reference
material of known purity will allow spike/recovery testing for the limits of
detection for such impurities, as well as the advancement of technological and
methodological means for ensuring product purity.

Each of these discussions becomes relevant to the confirmation of the
primary amino acid sequence because LC-MS data sets may contain initially
unidentified peaks. This is especially true when new protocols, instrumentation,
raw materials, and so forth are implemented into a previously accepted strategy.
Changes to the traditional platform may reveal previously undetected species
such as the signal peptide, C-terminal amidation, sequence variants, PTMs,
or other chemical modifications. Rather than immediately dismissing the new
technology change, evaluating such deviations should be initially viewed as
alternative outcomes requiring further research using all available components of
the analytical toolbox. It is for this reason that the following chapters describe
in detail targeted MS-based assays and data assessment for PTMs, sequence
variants, and potential impurities. Orthogonal methods available in the toolbox
for elucidation of the cause of such deviations are also included.

Finally, it is thought that the reference material described herein will afford an
external control when investigations of such alternative outcomes are necessary
on manufacturer-specific molecules. To supplement in-house, product-specific
standards, a well-characterized material such as the NISTmAb can be run
alongside the product of interest. As a molecule that is related in all salient
features to other mAb products of its class, the same sample preparation artifacts
would likely also be observed. In this sense, the NISTmAb reference material
described herein will be useful in differentiating product variability from method
artifacts.

Conclusions

Matching theoretical masses to empirically determined masses of the
predicted sequence of the intact NIST reference material and any treated forms
of the material (reduced, partial digest, and various enzymatic preparations) can
be collectively used to confirm an expected primary sequence. This exercise was
conducted by several qualified laboratories and provided a consensus that Figure
1 does indeed correspond to the identity of the NISTmAb reference material,
as well as established that intrinsic heterogeneity is present as is expected of all
mAb products.

Intact MS analysis was first used to confirm that the intact mass of the
protein was consistent with the theoretically predicted composition. Top-down
sequencing was also performed on the intact mAb to provide additional
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sequence-specific confidence in the assignment. Further mass and sequencing
analysis was also performed after treatment of the NISTmAb with the IdeS
enzyme and cysteine bond reductions. Analysis of the smaller, ~25 kDa fragments
provided higher mass accuracy assignment of intrinsic heterogeneity within the
individual polypeptides as well as more complete coverage of the amino acid
sequence upon middle-down fragmentation. Finally, results of multiple enzyme
digests and peptide mapping analysis were combined to confirm the amino acid
sequence of the NISTmAb. Our totality of evidence approach provides orthogonal
assurance that the primary structure was elucidated to the extent feasible with
current MS technology.
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A “sequence variant” is a surrogate term covering any
unintentional amino acid substitutions, omissions, or insertions
during protein biosynthesis. Production of biotherapeutic
proteins by living organisms is governed by biological processes
responsible for protein production, including DNA replication,
RNA transcription, and protein translation steps. Each of the
biosynthesis steps has finite fidelity, with error rates ranging
from 10-9 per base pair for DNA replication to 10-4 to 10-5 per
codon for protein translation.

The occurrence of sequence variants contributes to
heterogeneity of recombinant protein therapeutics. Establishing
a sequence variant profile of a biotherapeutic product is
essential in providing proof of its structure, its manufacturing
consistency, and the stability of the producing cell line.

DNA mutations can arise during generation of stable
producing cell lines and be amplified by selection pressures
used to establish high-producing clones. Once a clone with
genetic variant is produced, this mutation will propagate though
sub-cloning and can be affected by a cell age. For that reason,
the prime goal of cell line (upstream) development is to screen
for a possibility of DNA mutations early on during upstream
development. In contrast, naturally abundant translational
errors can further amplify due to nutrient and amino acid

© 2015 American Chemical Society
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deprivation in production medium or a non-optimal codon
usage in the construct. These errors usually occur at low levels
and affect certain amino acids in multiple positions along
the protein sequence, and can be both codon-dependent and
independent.

Although there is no standardized method for detection
of sequence variants, this chapter discusses analytical
methodologies for their screening. Peptide mapping with liquid
chromatography-mass spectrometry (LC-MS) is currently
viewed as a technology of choice for detection of sequence
variants in recombinant proteins, with potential for detecting
amino acid substitutions at low levels. On the example of
sequence variant analysis in the NIST monoclonal antibody
(mAb), performed by two independent laboratories, this chapter
discusses strategy, capabilities, and limitations of peptide
mapping with LC-MS for this application. Comparison of the
intra-laboratory data illustrates reasonable agreement between
the results, exhibiting a significant overlap in the specific
sequence variants detected. Despite the excellent capabilities
of peptide mapping method for detecting sequence variants in
most cases at low or trace levels, there is no guarantee that such
analysis is comprehensive, as discussed in this chapter. The
use of multiple and orthogonal analytical methods often assists
with the detection of variants missed by one or another method.

Foreword

In 1949, while studying sickle cell anemia, a blood disorder in which the
erythrocytes assume a rigid, sickle shape, Linus Pauling and his collaborators
reported significant differences between electrophoretic mobilities of hemoglobin
derived from erythrocytes of normal individuals and from those of sickle anemic
individuals (1). Researchers made a notable prediction that “there is a surface
region on the … hemoglobin molecule (of the sickle cell anemia) which is
absent in the normal molecule and which has a configuration complementary
to a different region of the surface of the hemoglobin molecule.” They further
discovered that under conditions of low oxygen pressure “the sickle cell anemia
hemoglobin molecules might be capable of interacting with one another at these
sites sufficiently to cause at least partial alignment of the molecules within the
cell, resulting in the erythrocyte’s becoming birefringent, and the cell membrane’s
being distorted to accommodate the now relatively rigid structures within its
confines.” Ahead of its time, this discovery marked the first evidence of the
molecular origin of a human disease, a “molecular disease.”

Attributing to Pauling and his collaborators “the realization that sickle cell
anemia … is due to an alternation in the structure of a large protein molecule, an
alternation leading to a protein which is by all criteria still a hemoglobin,” Vernon
Ingram concluded that “per half-molecule of hemoglobin, this change consists
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in a replacement of only one of nearly 300 amino acids, namely, glutamic acid,
by another, valine—a very small change indeed” (2). In fact, adult hemoglobin
consists of two α-globin chains and two β-globin chains. The single nucleotide
change on the genetic level alters only one amino acid in the β-globin protein
chain, but the results are devastating (3).

But yet another notable consequence of Pauling’s work was that it paved
the way for the development of improved analytical technologies capable of
detecting and resolving complex biological molecules bearing a single amino
acid difference.

Introduction

The paramount concept of modern biotechnology is that it is the art of making
a cell proliferate a protein that it normally would not produce. Recombinant
DNA technology, based on cloning and expression of the heavy and light chain
polypeptide genes in mammalian cell cultures, is currently the principal way
for the commercial production of monoclonal antibody (mAb)-based therapies
(4–6). Recent advancements in host cell line development, cell culture media and
feeding strategies, and bioreactor optimization delivers titers of 1 to 5 g/L and
even up to about 10 g/L. Establishment of stable cell line clones with high specific
productivities serves as the starting point for the development of a biotherapeutic
drug for its commercial production. To achieve high titers, cell line development
often targets selection of higher producing clones by cell line sub-cloning and the
use of gene amplification (7, 8). Two common Chinese hamster ovary (CHO) cell
line expression systems for commercial production of mAbs utilize dihydrofolate
reductase (DHFR) and glutamine synthetase (GS) genes for clone selection. They
use drug resistance to methotraxate (MTX) and methionine sulfoximine (MSX),
respectively, as the tool of choice for gene amplification, targeting improved
specific productivity of the cell line for production of a protein of interest. To
match the ever increasing market demand along with tuning expression systems,
the subsequent downstream purification processes are optimized to produce large
quantities of quality biotherapeutic proteins.

Because of the very nature of the biosynthetic processes involved in
production of biotherapeutics, the desired product consists of a mixture of
related compounds, which defines the heterogeneity profile of that product.
Many established co- and post-translational processes accompanying protein
expression play essential roles in ensuring proper protein folding and structure,
which are known to influence protein function (9). Thus, a wide spectrum of
post-translational modifications (PTMs), occurring after a polypeptide chain is
assembled, contributes to the heterogeneity of mAbs. PTMs have been the subject
of extensive research since the early days of their development as biotherapeutics
(10–13).

To date, many commonly occurring PTMs have been characterized, and
their effect on product quality is established (12, 14). These are discussed in
detail in the PTMs chapter/Volume 2, Chapter 3 of this book. Occurrence of
PTMs is governed by the rate of underlying co-translational or post-translational
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events. For example, glycosylation is one of the most common and diverse
PTMs biosynthesized through metabolic pathways. This non-template-driven
process results in a diverse pattern of multiple glycoforms, where the chemical
nature of the glycan attached to a specific glycosylation site tends to vary from
copy to copy of the same protein. In contrast, biosynthesis of DNA, mRNA,
and proteins are template-driven processes. Characteristic of these processes
is an overall improved fidelity in maintenance, processing, and transfer of the
genetic information. As the consequence, errors occurring prior or during to the
incorporation of amino acids into polypeptide chain, often referred to as sequence
variants (SVs), are much less abundant. These errors and their occurrence and
detection are the main scope of this chapter.

Concerns for efficacy and patient safety stimulate the manufacturer of a
biotherapeutic to ensure consistent production of a quality product, conduct its
extensive characterization throughout the development phases, and establish strict
control of its quality. As defined by the International Conference onHarmonisation
(ICH) of Technical Requirements for Registration of Pharmaceuticals for Human
Use, the heterogeneity of biotherapeutic products establishes their quality;
the degree and profile of this heterogeneity should be characterized to ensure
production consistency. When the variants (SVs and PTMs alike) of the desired
product have properties comparable to those of the desired product with respect
to activity, efficacy, and safety, they are considered product-related substances.
The occurrence of a variant is monitored throughout the manufacturing history
of that product, and knowledge obtained from preclinical and clinical studies
is applied to determine the criticality of that variant. However, when process
changes and degradation products result in heterogeneity patterns that differ from
those observed in the material used during preclinical and clinical development,
the significance of these alterations should be evaluated. Observed differences in
heterogeneity prompt manufacturers to conduct additional studies directed toward
determining the efficacy and safety parameters of that variant. These points
highlight the importance of knowledge about potential variants and their relevant
characteristics as well as the importance of the ability to detect these variants.

Protein Synthesis by Living Cells

As formulated by the central dogma of molecular biology, the basis of the
biosynthesis of proteins is the transfer of the genetic information (blueprint) to
formation of a biopolymer chain of amino acids, which are linked together via
amide bonds (15). Copying (transcribing) a particular segment of the genome
into the primary transcript messenger RNA (pre-mRNA), creates a copy of that
gene, allowing for its subsequent regulated expression. During the process,
the RNA polymerase enzyme moves along the DNA template and synthesizes
a complementary RNA strand (16). In eukaryotic cells, maturity of mRNA is
accomplished by its further processing and splicing to ensure proper decoding
of genetic information. Splicing of pre-mRNA molecules is the process during
which some domains are excised as removed introns to produce mature mRNA
that retains different subsets of the domains of the original RNA.Mature mRNA is
then primed for export from the nucleus into the cytoplasm for protein translation.
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Each mRNA molecule is further translated into a polypeptide sequence by
a complex cellular machinery including ribosomes, transfer RNA (tRNA) and
their associated amino acids, and numerous protein translation factors and other
enzymes (17). Enzymes, particularly aminoacyl-tRNA synthetases (AARSs),
play important roles in the translation process by correctly pairing amino acids
with their cognate tRNAs; this process is known as “charging.” Protein translation
begins when the ribosome locates the initiation codon, which flags the starting
position of the translated region of the mRNA. Delivery of a genetically coded
amino acid occurs when corresponding amino-acylated (charged) tRNA diffuses
to the peptidyltransferase center of the ribosome where it interacts within the
ribosome by matching a three-base codon of the mRNA via anticodon-codon
pairing. Subsequently, as the ribosome moves down the mRNA, elongation of
the polypeptide chain occurs, and the process (assisted by elongation factors)
assembles the polypeptide chain by linking amino acids (provided by correctly
amino-acylated tRNAs) sequentially base-paired to the mRNA, three bases at a
time. Termination, defined by a position of a stop (nonsense) codon that is not
recognized by any tRNA, signals the end of the translation cycle. The polypeptide
chain assembly is then terminated by action of proper release factors for further
post-translational processing.

Fidelity of Biosynthesis

Although fidelity of biological information flow is critical, synthesis
of a functional protein from genetic information is an error-prone process.
Translational errors occur in all biological systems, regardless of whether these
take place in vivo or in vitro during the production of recombinant proteins
in a bioreactor. Polypeptide synthesis errors in living organisms can have all
sorts of deleterious effects, including disease and cell death, which reduce an
organism’s fitness. Evidence shows that disruption of translational fidelity, caused
by antibiotics, kills bacteria. Translational errors may also alter protein folding,
which is required for its proper function, and the misfolded protein may even be
toxic to the cells. Furthermore, protein folding may be affected not only by its
primary sequence, but also by the pace of the protein expression affecting the
timing of co-translational folding (18, 19). Thus, even seemingly evolutionary
neutral synonymous (or silent) mutations, which do not change the amino acid
sequence of a protein can have an effect on its function. However, it is hard to
unambiguously claim if the effect of these errors is detrimental in all cases. The
evolutionary responses to expression errors may also result in adaptations that
minimize errors or adaptations that even exploit errors for the organism’s benefit
(20).

Erroneous protein synthesis can be a result of numerous factors that cause
disruption at any step in protein expression, including errors during DNA
replication, mRNA transcription and processing, translational processes, and
post-translational events such as protein misfolding, as shown in Figure 1. The
error rate of each event depends on a global fidelity of an underlying process, as
well as the nature and condition (balanced or stressed) of the studied system. In
addition, the technique and type of measurement itself (in vivo or in vitro) also
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contribute to the estimated error rate. The overall fidelity of protein biosynthesis
is a composite of the processes leading to that error and the processes of its
repair by proofreading and editing. However, the error correction processes are
energetically expensive; thus maximum accuracy, due to its high energy cost,
is never achieved by living cells (21, 22). When examining fidelity of cellular
processes during protein expression it is not surprising that these error rates cover
a broad range, with frequencies spreading over several orders of magnitude.

Figure 1. Processes involved in biosynthesis of proteins and potential errors
leading to the occurrence of sequence variants.

Accurate DNA replication is important for preserving genetic information,
and it is the most critical step of protein synthesis. Owing to evolved extensive
proofreading activity of DNA polymerases and associated enzymatic DNA repair
processes, a high fidelity of the transfer of genetic information is ensured. Thus,
the error rates of copying genetic information are very low and are reported to
be in the range of 10-6 to 10-11 per base pair. In particular, the DNA mutation
rate reported for Escherichia coli (E. coli) is approximately 10-9 per base pair
(17). Errors during DNA replication can occur when an incorrect base is
incorporated into the growing strand of DNA, leading to mismatched base pairs
and the introduction of DNA mutation, which can occur in both the coding and
non-coding regions of a gene. In the coding region, two types of DNA mutations
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are defined as synonymous, causing a non-altered amino acid sequence of a coded
polypeptide chain, or non-synonymous, involving substitution of a single amino
acid by either a different amino acid (missense mutation) or generation of a
premature stop codon (nonsense mutation). Although the underlying processes of
DNA replication have high fidelity, the presence of sequence variants in genomes,
known as single-nucleotide polymorphism (SNP), as the result of the action of
evolutionary processes, is estimated to occur in an individual every 1000 to 2000
base pairs in the human genome (23).

Scientific evidence suggests that overall protein biosynthesis errors are several
orders of magnitude more frequent than DNA replication errors. Less is known
about the transcription error rates of different organisms, in part because of the
challenges of disentangling changes in protein sequences caused by transcription
errors from the potentially much more common changes caused by translation
errors. Transcription fidelity by RNA polymerases during biosynthesis of pre-
mRNA are reported to have errors in the range of 3 × 10-4 to 4 × 10-5 in E. coli (24).
Recently, a method for identifying transcription errors by sequencing multiple
complementary DNAs (cDNAs) originating from the same mRNA molecule was
applied to study transcriptome of Caenorhabditis elegans. This method revealed
transcription errors with rates of ~4 × 10-6 and exhibited C→U base substitution
as the most common type of transcription error, occurring due to a G (DNA)/
U(mRNA) base pair mismatch (25, 26). Although more frequent, as compared
with DNA replication, good fidelity of transcription is checked in part by the
enzymes that detect and remove a misincorporated nucleotide during proofreading
(27). For eukaryotes, fidelity of a splicing event for intron removal, a process
associated with maturation of mRNA, has been reported to have good accuracy
with estimated errors of 10-5 for higher eukaryotes (28). At the same time, it is also
noted that alternative splicing, known to be prevalent in complex eukaryotes with
rates reaching about 10-2, is a likely consequence of suboptimal splicing or splicing
regulation—programmed events leading to an increase in diversity of expressed
proteins for a limited number of genes.

Errors during subsequent mRNA translation on the ribosome can be the result
of action of several processes, including perturbation in the mechanism of coded
amino acid delivery or errors duringmRNApassage through the ribosome (17, 21).
The first type of errors results in misincorporation of an erroneous amino acid into
the expressed protein sequence, although not affecting its overall length. These
errors, often referred to as missense errors by analogy with missense mutations,
can be the result of either faulty tRNA charging with a non-cognate amino acid
(mischarging or misacylation) or an anticodon-codon mismatch on the ribosome
(misreading). Translational errors are reported to occur with frequencies ranging
from 10-4 to 10 5 under typical in vivo conditions (21, 22, 29, 30). Misacylation
occurs when structurally similar amino acids cannot initially be distinguished with
adequate selectivity by AARS and, in turn, charging the corresponding tRNA
with a non-cognate amino acid. It was experimentally determined that initial
discrimination by AARS between amino acids differing by just one methylene
group in their structures cannot be better than a factor of 200 (22). Despite this
high degree of uncertainty, tRNA acylation is accompanied by corrective processes
of pre-transfer hydrolysis or post-transfer deacylation of mischarged tRNA, by
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error editing pathways of cognate AARSs (29–31). Closely related amino acids
tend to have closely related codons, although similarity of their codons is not a
prerequisite for their recognition by AARS. Leaping ahead of the discussion, the
possibility of misincorporation of an erroneous amino acid into the synthesized
protein sequence, encoded by a codon, differing by more than a single base pair
from that of a correctly coded amino acid, exists and should not be discounted.
The detection of this type of misincorporation can challenge algorithms that are
based on the SNP principal.

A three-nucleotide unit of tRNA corresponding to the genetic code on the
mRNA is called the anticodon. Misreading errors occur when a correctly acylated
tRNA mismatches a codon on the mRNA with improper codon-anticodon base
pairing. This process leads to the incorporation of an erroneous amino acid in
place of the genetically encoded amino acid. It was predicted that most errors
of this type should occur at the third position of the codon, which is the most
degenerate, although errors due to the wobble at the first and second positions of
the codon are also observed in practice (26).

In addition, processivity errors due to non-standard mRNA decoding events
can lead to expression of variants of a protein, the sequence of which a priori
cannot be predicted from the corresponding DNA sequence. These variants can be
due to errors during translation initiation, where an alternative to the natural AUG
codon initiation sites can produce N-terminus variants of the expected protein.
During polypeptide chain elongation, disruption in a sequential three base pair
at-a-time reading event can lead to either −1 or +1 frameshift due to, respectively,
2-base (backward) and 4-base (forward) translocations or even bypassing large
stretches of mRNA (hopping) (17). A faulty termination event can also lead to
the stop codon readthrough event, also known in literature as a leaky stop codon,
where tRNA turns the stop codon into a sense codon (21).

It should also be noted that not all differences between the genetic code-
derived sequence of a protein and its actual in vivo expressed sequence are the
result of errors. In particular, not all DNA mutations are due to errors. A so-
called beneficial mutation takes advantage of establishing a beneficial phenotype
by promoting the frequency of a specific mutation, allowing an organism, for
example, to adapt to changing environmental conditions (20). In certain cases,
reduced quality control of AARS to charge tRNA with a cognate amino acid, can
be used by cells to benefit their survival (29). In other cases, re-coding of the
genetic information can be programmed into mRNA by its primary or secondary
structure, which alters the triplet-based decoding process and results in alternative
nonstandard reading. It allows organisms to take advantage of this flexibility
of reading the genetic information and provides novel regulatory options during
translation (17, 21, 32). The programmed events occurring at particular re-coding
sites are known to occur in viral genes, where they allow incorporation of more
genetic information into a relatively short amount of genetic code.
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Biosynthetic Errors during Protein Expression from Escherichia coli Production
Systems

The synthesis of a functional hormone somatostatin in 1977 was the first
published example of expression of mammalian polypeptides in E. coli bacteria
(33). This experimentum crucis paved the way toward the wide use and acceptance
of recombinant DNA technology. Historically, E. coli systems served as primary
hosts for laboratory- and commercial-scale production of biotherapeutics. In fact,
the first recombinant protein drugs that received regulatory approval for human
use were insulin in 1982 and growth hormone in 1985, both produced in E. coli
cell lines. In this regard, it seems reasonable to begin the discussion of protein
expression errors with production in prokaryotic systems, such as E. coli cell lines.
Based on the abundant practical experience of mammalian protein production in
these cell lines, it is now well known that overexpression of heterologous proteins
can lead to unbalanced conditions and increased error rates of the whole protein
synthesis machinery. Biosynthesis errors were reported to occur during expression
in E. coli systems. For example, misincorporation of a single Tyr residue (encoded
by UAC codon in the mRNA sequence) by Cys (encoded by UGC or UGU codons)
during expression of human α-synuclein leads to the production of nearly 20% of
molecules with Tyr136→Cys misincorporation (34). A highly efficient UGA stop
codon readthrough and incorporation of Trp (UGG) in place of the stop codon was
also reported during production of human methionyl-neurotropin 3 (35). This was
attributed to a competition of tRNATrp, which is abundant in E. coli, with a release
factor.

One of the manifestations of the unbalanced conditions is the effect known as
the codon bias. Prokaryotes and eukaryotes have subtle differences in frequencies
and usage preferences of specific codons, which are balanced by the amounts of
cognate tRNAs available for polypeptide synthesis (36). Moreover, the levels of
cognate tRNAs were shown to correlate well with the frequency of codon usage.
Ideally, in a balanced biological system, the tRNA content available for translation
agreeswith the codon usage, where themost abundant tRNA isoacceptors are those
that have an anticodon that matches the codons that are frequently used. Under
sub-optimal conditions, however, translation of the overexpressed heterologous
mRNA with a rare (for prokaryotes) codon can lead to a pause at the ribosome,
which can cause translational problems (36). Such ribosome stalling is believed to
be the primary reason for mid- to low-level codonmisreading events, caused by the
lack of a proper aminoacyl-tRNA and its substitution by an erroneous aminoacyl-
tRNA (17, 36).

One of the best examples of the consequences of codon bias during production
of mammalian proteins in E. coli is incorporation of Lys in place of Arg residues
(or Arg→Lys misincorporation) (37–41). The UCU tRNAArg, encoded in E. coli
by the argU gene, is one of the rarest tRNAs, constituting only about 3% of the total
tRNAArg pool. Its cognate codon, AGA, is similarly rare, particularly in E. coli,
accounting for about 0.1% and 2% of the total and Arg codons, respectively (42).
As a result, misincorporation of Lys at three AGA codons was reported to occur
with frequencies of 0.36 to 0.42 during production of a recombinant fusion protein
(39), because relative amounts of tRNALys is nearly 15-fold higher than those of
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tRNAArg in the total tRNA pool (41). As a consequence, mistranslation of Arg
for Lys produced two variants of human homodimeric triosephosphate isomerase
(HsTIM) at almost equal amounts under optimal conditions of overexpression of
heterologous protein (41). In another example, expression of bovine placental
lactogen, encoded by a structural gene construct containing nine rare Arg codons
(AGG and AGA), led to in-frame deletion of two consecutive amino acids from
its internal sequence, explained by a translational hop associated with the stall at
the AGG codon (43).

Similarly, Arg→Gln misincorporations were associated with the use of the
rare Arg CGG codon, which is several times less frequent in E. coli than the
CAG codon encoding for Gln (44). In another example, a good correlation
between Gly→Glu misincorporation and the use of a rare Gly GGA codon led to
increased missense errors during expression of a 100-amino acid Protein X with
frequencies up to 0.1 (45) and in a fusion domain of a 92-kDa IgG1 Fc-fusion
protein (44). A good example of the effect of rare codons and their clusters was
also observed during expression of a Human Simplex Virus 2 p27 protease by
genetic construct, which contained 11 rare Arg codons CGG, with three of them
occurring in a tandem cluster near the C-terminus of the protein (46). Besides
the significant levels of Arg→Gln substitutions, researchers found that major
forms of the expressed protein were 3 kDa heavier than predicted. The two major
species were further found to be due to the +1 frameshift events at both of the
second two codons of the CGG triplet, leading to the subsequent translation event
and allowing it to proceed in the missense frame until the next termination codon
was reached.

In addition to the increased levels of misincorporation, codon bias can
manifest itself in the failure of plasmid stability, poor cell viability, and low
expression rates of certain recombinant proteins (46, 47).

The effect of physiological demand on expression machinery during synthesis
of heterologous proteins can also lead to situations when even relatively abundant
codons become limiting if the demand for them is great enough (36). Expression of
a recombinant histidine-rich protein II (HRP II)—which contains 36%His residues
in its sequence, exceeding the natural occurrence of His residues in a typical E. coli
protein by 16-fold (36)—exhibited Gln for His misincorporation (48). The extent
of the His→Gln substitution was reduced by decreasing the expression rate of the
protein, emphasizing that the frequency of codon usage affects the accuracy of
protein synthesis, even if these codons are well-represented in the genome of the
expressing host.

Another mechanism of misincorporation can be caused by tRNAmischarging
due to the relaxed selectivity of aminoacyl-tRNAs synthetases. Of all the
AARSs, half of them—including MetRS, IleRS, LeuRS, ValRS, AlaRS, LysRS,
GlnRS, ProRS, PheRS, and ThrRS—are known to be less selective in charging
tRNA with a cognate amino acid (30). Expression of human thioredoxin
protein exhibited multiple misincorporations of Glu→Lys, Ser→Thr, Phe→Ile,
Leu→Lys, Leu→Val, and Asp→Glu, with frequencies of 5 × 10-2 to 10-3 (49).
Although the particular nucleotide sequence of the construct used for expression
of thioredoxin was not presented, misincorporation of Lys (encoded by either
AAA or AAG) for Leu (encoded by either one of six codons UGA, UUG, CUU,
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CUC, CUA, or CUG) cannot be explained based on the principals of SNP.
These misincorporations, resulting in incorporation of an amino acid that would
otherwise require more than a single base pair change to occur, can be explained
by the tRNA charging with an erroneous amino acid by its cognate AARS. It
is likely that the mischarging of tRNALys with Leu by LysRS resulted in the
production of Leu-tRNALys (30), thus causing the observed misincorporation.

The above cases represent misincorporation of one canonical amino acid for
another. However, incorporation of non-canonical amino acids is also known
to occur during biosynthesis in E. coli as the artifact of translational events.
Norleucine (Nle) and norvaline (Nva) were reported to incorporate into protein
sequences in place of Met and Leu, respectively. Specifically, Nle incorporation
in place of Met during expression of recombinant bovine somatotropin (50),
interleukin-2 (51, 52), and truncated human macrophage colony stimulating
factor (53) was observed to reach levels of 50%, 19%, and 20%, respectively.
Apostol et al. reported Leu→Nva misincorporations at multiple locations of
recombinant human hemoglobin, ranging from 0.5 to 3% (54). Both Nle and Nva
are non-proteinogenic amino acids, implying that their cognate tRNAs do not
exist. These amino acids, however, can successfully interact with AARS (Nle with
MetRS and Nva with LeuRS), which in turn mischarge corresponding tRNAMet

and tRNALeu. Limited selectivity of MetRS and LeuRS and relatively high
intracellular concentrations of Nle and Nva make these amino acids competitive
for incorporation into recombinant proteins.

A good understanding of the root causes of translational errors is essential
for eliminating them. Several approaches were suggested to better fit E. coli
expression systems to produce large quantities of quality mammalian recombinant
proteins (55). Codon optimization strategies by site-directed mutagenesis of the
target sequence for the generation of codons reflecting the tRNA pool in the host
system were used. Replacement of the rare AGA Arg codon with CGU or CGC
codons, which are abundant in E. coli, allowed Arg→Lys misincorporations to be
avoided in several proteins (37, 39, 41, 44). Co-expression of argU or argX genes,
encoding the cognate tRNAArg decoding AGA and AGG codons or CGG codon,
respectively, largely eliminated translational errors associated with the codon bias
(39, 41, 47) and, moreover, improved expression levels of recombinant protein by
seven-fold (46). In addition to optimization of gene sequences for production in
E. coli, careful attention to fermentation conditions was reported to be effective.
Varying the bioreactor environment by changing media, temperature, and point of
induction was found to play a role in reduction of translational errors to very low
levels (44, 49). Likewise, understanding the underlying mechanism of Met→Nle
misincorporation allowed researchers to eradicate this error. Nle is a by-product
of the leucine biosynthetic pathway, suggested by an increase in Nle intracellular
concentration that was measured in response to the increased demand for Leu on
the cells (50, 52). Thus, preventing either the formation of Nle by deleting the
Leu operon of Nle to eliminate the endogenous synthesis pathway or the overall
suppression of Leu biosynthesis by supplying Leu during cell culture or boosting
medium supplementation with Met was found to be effective to prevent Met→Nle
misincorporation (50, 52).
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In summary, under balanced growth conditions in E. coli, background errors
by the cellular machinery for protein assembly, which are checked by the cellular
mechanisms via editing and extensive proofreading processes, can have relatively
low frequencies in the range of 10-4 to 10-5. In contrast, overexpression of
proteins sufficiently upsets the expression system by way of nutritional stress or
codon usage mismatch, leading to a significant increase in error rates, often with
frequencies of 10-1 to 10-2.

Biosynthetic Errors during Protein Expression from Mammalian Cell Lines

E. coli expression systems are one of the most economical choices for
production of proteins, as they offer simple cultivation requirements, short
generation times, fast growth kinetics, and good product titers. One of their
shortcomings, however, is the inability to perform post-translational decoration
of expressed proteins with glycans, which is often required for a proper protein
function (56, 57). The use of mammalian cell lines was established to overcome
these issues and is now a well-accepted means to produce properly folded and
glycosylated biotherapeutic proteins.

The principles of protein synthesis in prokaryotes and eukaryotes are similar;
however, the greater complexity of the eukaryote genome and presence of more
steps in the transcription and translation processes require greater variety and
complexity of control mechanisms (58). The presence of a more sophisticated
proofreading and error editing machinery alone does not automatically assume
the greater overall fidelity of protein expression in eukaryotes. In fact, the
evidence suggests that eukaryotes are no more or less accurate at protein synthesis
than are prokaryotes (20, 59, 60). Reported cases of errors during expression
of recombinant proteins from mammalian cell lines are summarized in Table 1
(additional examples can be found in Ref. (26)).
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Table 1. Reported Cases of Sequence Variants in Recombinant Proteins Produced in Mammalian Cell Lines1

Detection
Variant Site(s) Level per

site Molecule Expression
System Cause Effect

Primary Confirmation
Ref

Tyr→Gln H(376)2 1–27% IgG1;
anti-Her2

CHO;
DHFR/MTX

Genetic
(polyclonality)
TAT→CAA

No effect on
binding and
Fc effector
functions

Tryptic
LC-UV map

AAA, Edman,
PCR (61)

VL-CH
crossover

L(Lys107)-
H(Ser125)

fusion via Pro
N/A IgG N/A Genetic

recombination Unknown
SDS-PAGE,

Lys-C
LC-UV map

Edman, PCR (62)

24-AA
sequence
insertion

Between VH
and CH1 >50% IgG1; anti-

IGF-1R
CHO;

DHFR/MTX

Splicing
error (intron
translation)

No effect on
biological
activity

Reduced
SDS-PAGE,
RP-LC with
reduced MS
analysis of
fractions,
CEX

Tryptic
LC-MS,
Edman

(63)

Phe→Leu
11th position

from
N-terminus

7–10%

Peptide-
antibody
fusion
protein

CHO;
GS/MSX

Genetic
(somatic
mutation)
TTC→CTC

Reduced
biological
activity due
to inhibited
dimerization

Lys-C
LC-UV map qPCR (65)

Ser→Asn Multiple, at
AGC codon 0.01–0.2% IgG1,

IgG4
CHO, (also
NS0, E. coli) Mistranslation Unknown

Tryptic and
chymotryptic
LC-MS map

Synthetic
peptides
(spiking)

(60)

Continued on next page.
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Table 1. (Continued). Reported Cases of Sequence Variants in Recombinant Proteins Produced in Mammalian Cell Lines1

Detection
Variant Site(s) Level per

site Molecule Expression
System Cause Effect

Primary Confirmation
Ref

Asn→Ser
Multiple, not
codon- or
site-specific

1–7% IgG CHO

tRNAAsn

mischarging,
due to Asn
starvation

Minor
decrease in
binding for

L(Asn35→Ser)
mutant

Reduced
mass (LC-
MS) Lys-C
and Asp-N
LC-MS map

Synthetic
peptides

(67,
68)

Ser→Arg L(167) 0.8% IgG1 CHO;
DHFR/MTX

Genetic
AGT→CGT Unknown

CEX,3
tryptic

LC-MS map
PCR (66)

Met→Arg H(83) 5% IgG1 CHO;
DHFR/ MTX Not discussed Unknown Tryptic

LV-UV map (85)

Pro→Thr H(274) 42% IgG1 CHO;
DHFR/ MTX Not discussed Unknown Tryptic

LC-UV map (85)

Leu→Gln H(413) 0.3% IgG1 CHO;
DHFR/ MTX Not discussed Unknown

Tryptic and
chymotryptic
LC-MS map

(85)

Ser→Gly H(52) 0.2% IgG1 CHO;
DHFR/ MTX Not discussed Unknown

Tryptic
LC-MS

peptide map
(86)
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Detection
Variant Site(s) Level per

site Molecule Expression
System Cause Effect

Primary Confirmation
Ref

Ser→Arg H(441) 0.3–0.6% IgG1 CHO

Proposed:
genetic

AGC→CGC
or (AGA or

AGG)

Unknown iCIEF,
reduced mass

Tryptic and
Lys-C LC-MS
peptide map,
synthetic
peptide
(spiking)

(87)

Ala→Ser L(183)
L(152)

7.8–9.9%
0.5–0.6% IgG4 CHO

L(183):
Genetic

(GCA→TCA)
unknown

Reduced
mass (LC-

MS)

Tryptic
LC-MS

peptide map,
qPCR L(183)
Synthetic
peptide
(spiking)

(88)

Thr→Asn H(Thr24) 2.7–4.0% IgG1 CHO Genetic
(ACC→AAC) Not discussed

Tryptic
LC-MS map,
differential
analysis4

NGS (70)

Phe→Tyr
(Leu/Ile)

Multiple,
not codon-
specific

0.3–0.6% IgG1 CHO
Misincorpora-
tion (Phe star-

vation)
Not discussed

Tryptic
LC-MS map,
differential
analysis4

(70)

Continued on next page.
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Table 1. (Continued). Reported Cases of Sequence Variants in Recombinant Proteins Produced in Mammalian Cell Lines1

Detection
Variant Site(s) Level per

site Molecule Expression
System Cause Effect

Primary Confirmation
Ref

Stop221→Glu

L(C-
terminus)
17-aa

extension

13.6% IgG1 CHO
Genetic

(Stop codon
TAA→GAA)

Not discussed

Tryptic and
chymotryptic
LC-UV and
LC-MS

Reduced
LC-MS,

Edman, and
qPCR

(64)

Tyr→Phe
(His) Multiple ≤3% IgG1

CHO DHFR/
MTX,

GS/MSX

Mischarging
tRNATyr with

Phe

Tryptic and
thermolysine
LC-MS map

(69)

AA, amino acid; AAA, amino acid analysis; CEX, cation exchange chromatography; CHO, Chinese hamster ovary; DHFR, dihydrofolate reductase;
GS, glutamine synthetase; Escherichia coli, E. coli; H, heavy chain; iCIEF, imaged capillary isoelectric focusing; L, light chain; LC-MS, liquid
chromatography-mass spectrometry; LC-UV, liquid chromatography with UV detection; MS, mass spectrometry; MTX, methotrexate; N/A, not available;
NGS, next generation sequencing; PCR, polymerase chain reaction; qPCR, quantitative polymerase chain reaction; RP, reversed phase; SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis. 1 Additional examples can be found in Ref (26). 2 Amino acid position indicated in parenthesis. 3

Described in Ref (94). 4 Differential analysis of LC-MS peptide maps using SIEVE software.
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In 1993, Harris et al. reported Tyr376→Gln heavy chain variant in CHO-
produced anti-Her2 antibody, with levels of the variant molecules reaching up
to 27% (61). The origin of the mutation was traced back to the polyclonality of
the original transfected pools produced using the DHFR/MTX expression system
(61), and the levels of the mutant molecules were found to decrease with cell
age, suggesting a difference in the stabilities of normal and mutant cell lines.
A crossover event during expression of another IgG molecule occurred between
Lys107 of the variable region of the light chain and Ser125 of the constant region of
the heavy chain, connected via a Pro residue (62). Splicing between the CGA and
the TCC codons encoding for Arg108 of the light and Thr126 of the heavy chains,
respectively, produced a newCCC codon encoding for Pro. Genetic rearrangement
was identified as the likely mechanism of the unusual recombination event. More
than 50% of this anti-IGF-1R IgG1 molecule contained an additional 24-amino
acid sequence, inserted between the variable and constant domains of the heavy
chain, likely due to intron splicing errors during maturation of the mRNA (63).

Under normal protein expression conditions, a stop codon signals termination
of translation at the ribosomal subunits by binding release factors, causing a
subsequent release of the polypeptide chain. In one example, a point mutation of a
stop codon, TAA, led to the creation of a GAA codon (coding for Glu) in the gene
coding for the light chain of an IgG1 molecule. As a consequence, readthrough
translation occurred beyond the mutated stop codon until the next alternative
in-frame stop codon was reached. This resulted in the insertion of a Glu residue
at the C-terminus of the light chain and its extension with 17 additional amino
acids, or approximately 14% of the light chain of that molecule (64).

DNA mutations have also been reported to lead to relatively high incidence
of errors in protein synthesis. For example, the Phe→Leu variant in the 11th
N-terminal position, ranging from 7% to 10% in abundance, in an IgG fusion
protein was determined to be due to DNA missense mutation of a TTC codon to a
CTC codon (65). Comparison of several cell lines revealed that the probability of
spontaneous mutation increased with the number of gene copies transfected into
the cells. MTX used in DHFR-based stable cell line selection and amplification
systems, with a goal to enhance productivity, was linked to the occurrence
of DNA mutations (66). A possibility of increased mutation rates increases
during amplification processes and seems to be inevitable during stable cell line
development.

Missense mutations that occur on the DNA level are statistically improbable
to occur at multiple codons at once. In contrast, mistranslation, often manifested
by incorporation of erroneous amino acids at multiple sites of a protein, serve as the
signature pattern of translational errors. These differences, in principal, can allow
researchers to discriminate between the two main sources of sequence variants in
their products. Mistranslations, as discussed above, can be due to mischarging
of tRNA with an erroneous amino acid by its cognate AARS, or by a misreading
event due to the anticodon of the tRNA mismatch with the codon of mRNA.

Low levels of Ser→Asn misincorporation, ranging from 0.01% to 0.2%,
were detected across two IgG1 molecules and one IgG4 molecule to occur at
multiple sites encoded by the AGC DNA codon (60). Furthermore, Ser→Asn
misincorporations were found to be independent of whether a mAb was
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expressed from CHO, NS0, or even E. coli cell line hosts, but was affected
by cell culture conditions. In the subsequent study, replacement of the AGC
codon encoding for Ser63 by either TCC or TCT codons was demonstrated to
eliminate the mistranslation (i.e. Ser63→Asn variant) (66). Reverse Asn→Ser
misincorporation events, occurring at higher rates of above 1%, were reported
to be unrelated of the nature of expressed protein, but were affected by cell
culture conditions and, in contrast, exhibited no DNA codon preference (67).
A connection between the growth rates and mistranslation in which reduced
Asn levels (starvation) in the culture medium was linked with elevated levels
of Asn→Ser mistranslation, suggested possible scenarios for the mistranslation
to be due either to misreading, where tRNASer substitutes depleted tRNAAsn via
codon-anticodon mismatch; or mischarging, where Ser successfully competes
for charging onto tRNAAsn (68). Supplementing the cell culture medium with
adequate amounts of Asn were effective to eliminate the misincorporation (67).
A different study demonstrated a strong impact of the producing cell line on the
levels of Asn→Ser misincorporation, suggesting that both cell lines and cell
culture conditions affect the levels of amino acid substitution (26).

In five separate mAbs produced in CHO, Tyr→Phe sequence variants at
multiple locations and at levels ≤ 3% were detected, independent of the cell
line host and selection system (DHFR/MTX or GS/MSX) (69). No link was
observed between the Tyr location and the magnitude of these variants and the Tyr
codon used (TAC or TAT). However, the misincorporation was found to strongly
correlate with the extracellular Tyr concentration, and when it dropped below
the threshold concentration of 0.02 mM, the sequence variants were observed.
In contrast, excess extracellular Tyr (>1 mM) prevented the formation of the
sequence variants at Tyr positions. The data suggested that tRNATyr mischarging
due to the structural similarities between Tyr and Phe is the most likely reason for
the occurrence of Tyr→Phe substitution. These studies allowed researchers to
develop appropriate feeding strategies aimed at avoiding Tyr starvation conditions
and the resulting formation of the sequence variants, while maintaining good
productivity of cell lines.

An opposite Phe→Tyr substitution was detected in several production
cell clones originating from independently transfected cells at multiple Phe
locations (70). PheRS belongs to the class II AARS enzymes, which exhibit both
pre- and post-transfer editing (71). However, under Phe starvation conditions,
mischarging of its cognate tRNAPhe with Tyr can likely be the root cause of
this mistranslation event. Further evidence that Tyr misincorporation can be
prevented by supplementing cell culture to maintain Phe concentration above 1
mM supports mischarging as the cause of these errors.

The above discussion suggests that the phenomenon of sequence variants in
mammalian cell lines (i.e., CHO) is similar to that occurring in bacterial cells
(i.e., E. coli) and needs to be carefully considered during the development of
recombinant biotherapeutics.
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Impact of Expression Errors on Quality of Recombinant Proteins

The impact of translational errors on the properties and function of
recombinant proteins is not known a priori and is difficult to predict. The effect
needs to be examined on a case-by-case basis. A general understanding of
the often deleterious effects that the in vivo translational errors have on living
organisms are documented, but these effects may not necessarily apply equally to
biotherapeutic proteins, for which consideration of an indication, bioavailability,
clearance mechanisms, dose, and route and frequency of administration are also
important factors.

The impact that a particular variant has on the efficacy of a biotherapeutic is
an important concern of scientists who deal with occurrence of sequence variants.
A great deal of structural and functional knowledge has been accumulated on
mAbs, their mechanisms of action (72), and the role of their intrinsic heterogeneity
during production in mammalian cell lines (10, 11, 73). This impressive body of
knowledge often helps researchers estimate the possible impact of a sequence
variant, depending on its location within the sequence of a mAb. For example,
occurrence of a sequence variant within the variable domains of a mAb, which
contains its complementarity-determining regions (CDRs), raises a concern
that antigen binding affinity may be affected. Likewise, sequence variants in
the constant domains of a mAb can potentially affect its binding with neonatal
Fc receptor (FcRn) and, thus, alter its bioavailability or its effector functions,
exhibited through interaction with complement and Fcγ receptors. Mutational
scanning, based on the site-directed mutagenesis of solvent-exposed amino acids
to Ala, was used to map the binding site on human IgG1 for the various Fc
receptors, allowing prediction of the potential effect of amino acid substitutions on
binding (74, 75). However, evidence exists that mAbs that have identical variable
regions, but differ in isotype can manifest variations in their fine specificity and
functional affinity as a consequence of their associated constant heavy chain
regions (76). This suggests that composition of the constant region affects the
secondary structure of the antigen binding sites, thus affecting its specificity. The
result implies that the effect of a sequence variant can potentially manifest itself
in a domain different from its immediate location, making predictions, based on
a primary structure information alone, less reliable. Furthermore, extrapolating
from the Walsh and Jefferis (13) discussion on PTMs in biopharmaceutics, the
effect of a modification (PTM or sequence variant) must be evaluated from
the point of view of its functional and safety consequences, which are often
determined only through clinical evaluation, rather than from the structure of that
modification alone. Irrespective of the level and nature, a modification by itself
is not as critical because its importance depends solely on the interaction it has
with a biological system.

Several studies have explored the effect of sequence variants on properties
of proteins. It was shown that His→Gln variants of hG-CSF exhibited slightly
lower pI values but maintained full in vitro biological activity (77). The
ability of a Tyr136→Cys α-synuclein variant to form filaments in vitro was not
changed; however, dimerization of the mutant protein was shown to significantly
increase through disulfide bond formation (34), which potentially can accelerate
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protein aggregation and cellular toxicity of α–synuclein (78). Both Arg- and
Lys-containing variants of human HsTIM were reported to be nearly equally
catalytically active, but differed in thermostability and susceptibility to urea and
proteinase K (41). Functionality of recombinant hemoglobin, assessed by its
oxygen affinity and cooperativity, was not disrupted by the presence of 0.73%
Leu→Nva variant species when compared with the variant-free control (54).

In multiple cases of mAbs, the effect of a single amino acid change, regardless
of its translational or post-translational origin, on the properties of the molecules
has been studied. For example, Harris et al. determined that post-translational
isomerization of Asp102 in a heavy chain CDR3 region of anti-HER2 IgG1
reduced its potency to 70%, causing serious implications on drug efficacy (79).
However, in vitro potency (antigen binding) and Fc effector function assays
for the same mAb were equivalent for the preparations containing from 1% to
27% of the Tyr376→Gln heavy chain variant (61). In another example, a minor
decrease in antigen binding affinity was observed for the light chain containing an
Asn35→Ser sequence variant when compared with the correctly expected mAb
(67). Dorai et al. determined that a Phe→Leu mutant of the fusion protein (FP)
significantly inhibited its propensity to dimerization compared with the expected
FP, potentially affecting biological activity of the variant product (65).

In addition to activity, safety to patients is another concern for sequence
variants during the development of recombinant protein therapeutics. A potential
immunogenic response to a recombinant product and its variants containing
missense errors when administered to humans is of an even greater concern,
likely exceeding the concern of their possible abnormal bioactivity. A therapeutic
protein can be immunogenic because the human immune system categorizes it
as non-self (80). The degree of foreignness of the biopharmaceutical protein
compared with the natural endogenous proteins affects the immunogenicity of
that product and can be influenced by higher-order structure and aggregation
state, glycosylation, including the presence of non-human glycan structures,
and chemical modifications, including intended modifications and unintended
degradation. For example, the impact of isomerization on immunogenicity has
been described for tyrosinase-related protein (TRP)-2, where conversion of an
aspartic acid to an isoaspartic acid triggered a strong immune response (81). The
concern of immunogenicity induced by sequence variants was raised early on by
Harris et al. when discussing possible consequences of the Tyr→Gln substitution
in the humanized anti-HER2 mAb (61). It was also acknowledged that the
potential contribution to an immune response in humans would have been difficult
to assign given that roughly 5% of the protein already had a non-human (murine)
antibody sequence. Immune responses to therapeutic protein products may pose
problems for both patient safety and product efficacy (82). Consequences of
immune responses to therapeutic proteins can range from no apparent effect to
serious adverse events, including life-threatening complications, neutralization
of the effectiveness of therapies, or neutralization of endogenous proteins with
non-redundant functions.

Allotypes of IgG proteins are identified by unique epitope(s), recognized by
unique serologic reagent(s), and are defined according to the polymorphism in
the sequence of the constant region of these molecules (83). Although in most
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cases several amino acid substitutions in the constant regions of IgG lead to a
change of the allotype, even a single amino acid difference can give rise to an
allotypic determinant. This very fact of such polymorphism suggests that allotypic
variants can be immunogenic to patients heterozygous for the given allotype. It
was proposed that the preexisting antibodies to the allotype that are present on
cetuximab, or such antibodies induced in response to its administration, could
contribute to resistance to the therapy, thereby manifesting potential importance of
allotypes on immunogenicity of proteins (84). Extrapolating the discussion onto
the sequence variants of biotherapeutics, it would be difficult to know a priori how
the presence of a sequence variant could affect immunogenic response in patients.
Immune responses to therapeutic proteins and their variants are hard to predict
based solely on the knowledge and characterization data, and often require animal
testing and clinical data.

Various biological characterization assays are routinely used during
development to assess biological activity, antigen specificity, and Fc functionality
of recombinant mAbs and their variants, including sequence variants. In practice,
however, the effect of low-level sequence variants can be hard to assess due to
the natural variability of typical potency assessment bioassays, which, in general,
exhibit greater variability than do chemically based methods. In addition, impact
and individual properties of such low-level variants are likely to be hindered
by an overwhelming background of the major form of that product. Efforts to
purify or otherwise manufacture the variant molecule are needed to properly
assess its safety and efficacy characteristics by a direct comparison with the
correctly expressed protein. In addition to a potential need to introduce control
systems for monitoring variant levels during production, these extra efforts would
complicate the development of the biotherapeutic product leading to potential
delays in timelines, in filing regulatory submission to the government agencies,
and in availability and cost of that product to patients in need. Needless to say,
it is beneficial to avoid having sequence variants in a biotherapeutic product
in the first place; the absence of sequence variants means fewer manufacturing
issues during the development of the product. This is likely the reason why most
published reports do not detail the effects of variants to a great extent, but agree
in suggesting to avoid having sequence variants in biopharmaceutical products
(60–70, 85–88).

The previous discussion demonstrates how the genetic sequence of
recombinant proteins produced in living cells can undergo mutations that could
alter the properties of the protein, presenting potential adverse consequences to
patients. To ensure safety and efficacy of a biotherapeutic product and assess
its manufacturing consistency, a combination of analytical procedures is used
to determine the purity and heterogeneity profile. The ICH guidelines (89)
recommend confirmation that the correct coding sequence of the product has
been incorporated into the host cell and is maintained during culture to the end of
production by means of the proper characterization of the expression construct.
In addition, the evaluation of the production stability of the cell line needs to be
assessed during the course of a number of population doublings to establish a
limit for in vitro cell age. The importance of this exercise is evident considering
potential occurrence of a phenotypic shift in response to environmental factors
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and the cell line age. This implies that the selected cell line should be evaluated
for the presence of unintended sequence variants. For that purpose, protein and
nucleic acid analytical techniques can be used to assess and verify the amino acid
sequence of the expressed protein. Regardless of the significance of a particular
variant on the safety and efficacy of the product, one has to be able to detect the
sequence variant in the first place.

The fact that underlying biosynthetic processes used for production of
recombinant proteins have errors associated with them strongly suggests that a
biotherapeutic protein that is free of sequence variants likely does not exist. Thus,
detection of biosynthetic errors is a prime step in the process of manufacturing
high-quality recombinant protein.

Detecting Sequence Variants: Advantage of Using Multiple Orthogonal
Methods

Literature reports on the effect of downstream purification schemes on
levels of sequence variants are scarce. It was reported that variants with
His→Gln substitution at multiple positions in recombinant human granulocyte
colony stimulating factor (hG-CSF), were chromatographically separated during
purification to beyond detectable levels in the final purified form of that protein
(77). However, the fact that a single amino acid change, constituting, for example,
less than 0.1% difference of a typical full-length mAb, can induce only a small
effect on the bulk chemical and physical properties of a protein, can challenge
the effectiveness of separation by downstream purification of the variant isoforms
from the desired product, especially if presence of a sequence variant is not
known a priori. Hutterer et al. demonstrated that levels of sequence variants in
the Fc-fusion protein following a single-step purification by the Protein A affinity
column were representative of those in the crude product (44). Furthermore,
single- versus three-step purification methods differently affected two types of
sequence variants; although Gly→Glu variants decrease two-fold between the
two purification steps, almost no change was observed in the levels of Arg→Gln
variants. The result demonstrates that one cannot blindly trust that downstream
purification completely removes all of the sequence variant isoforms.

A rigorous testing strategy must therefore be implemented to ensure
proper clearance and/or consistency of the appearance of sequence variants.
For example, various analytical methods were used to analyze translational
variants of anti-IGF-1R IgG1 molecule, expressed in CHO and NS0 cell lines
(63). The difference between the two molecules was that the CHO-expressed
anti-IGF-1R contained an additional 24-amino acid intron sequence, whereas
the NS0-expressed mAb lacked this variant. Intact analysis by non-reduced
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
size-exclusion chromatography (SEC) did not reveal any differences between the
expected and the variant molecules, having mass difference of 2%. However, the
6% mass difference between the expected and variant heavy chains was hinted
at by examining reduced and alkylated SDS-PAGE profiles. Likewise, the heavy
chain variant, containing 16 amino acids fewer in its sequence, was successfully
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separated from the expected heavy chain and detected by reduced SDS-PAGE
(62).

Detection of sequence variants by reversed-phase high-pressure liquid
chromatography (RP-HPLC) methods has also been reported. Due to the large
size and relatively high hydrophobicity of mAbs, however, separation of variant
isoforms on an intact antibody level is hard to achieve. RP-HPLC separation
of the anti-IGF-1R splicing variant isoform with an additional 24 amino acids
was only possible by employing a rather unique condition of 10% acetic acid
in the mobile phase that resolved variant isoforms, enabled their quantitation,
and provided fractions for subsequent analysis by mass spectrometry (MS)
(63). An even better separation of variant isoforms by RP-HPLC methods was
demonstrated for reduced or otherwise fragmented antibodies (63). At the subunit
level, Fu et al. also reported improved RP-HPLC resolution of Ala→Ser light
chain variant at levels of 8% to 10%, which was detected as a back shoulder peak
of the main light chain peak of an IgG4 molecule (88). Although an enhanced
analytical RP-HPLC method for analysis of mAbs on intact and fragment lavels
was developed and successfully applied to monitor the stability and production of
mAbs (90), it has not been tested to detect sequence variants.

Among the chromatographic techniques, RP-HPLC is the most compatible
with MS detection due to the use of primarily volatile buffers. RP conditions
for the best chromatographic separation often optimize at faster flow rates and
require the use of mobile phase modifiers such as trifluoroacetic acid (TFA),
however, contradicting with the most optimal conditions for MS detection. In
a typical scenario, a compromise between the conditions for the best separation
and detection by MS needs to be established and utilized. Also, because the
separation of closely related variants on an intact and a large polypeptide by RP
methods is hard to achieve, simultaneous detection of multiple components in a
single spectrum by MS is only feasible when the mass difference of the species
exceeds mass resolution and when the relative abundances of these species fall
within the dynamic range of a mass spectrometer. For example, detection of
Ala→Ser variants with mass difference of 16 Da was not achieved by intact mass
analysis using a quadrupole time-of-flight (qTOF) instrument with resolving
power of 10,000, even when variants had relative abundance of 8% to 10% (88).
In another study, the effect of the size of a polypeptide chain on detection of
Asn→Ser variants with mass change of −27 Da was estimated to be at variant
levels of ≥ 2% for the intact heavy chain, of ≥ 0.5% for the intact light chain, and
of ≥ 0.025% for an average-sized Lys-C peptide fragment (67).

An alternative to intact and/or subunit analysis methods is to use enzymatic
digests of the protein. A comparative evaluation of peptide fragments of
therapeutic proteins, which is a more sensitive tool to detect subtle differences
between samples, is often accomplished by (high-pressure) liquid chromatography
with ultraviolet detection (LC-UV) for peptide mapping. Depending on a specific
goal and the development phase of the biotherapeutic, a reference point for the
comparison can be established by the use of a reference standard, if available,
another clone, or a different fraction of the same molecule gathered by an
orthogonal separation method. Because most peaks between these samples are the
same, even small differences between the samples can be accurately identified.
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By conducting spiking studies of one mAb into another, Yang et al. demonstrated
that peptide mapping can detect variant peaks with relative abundances of ≥5%
with good confidence and of 1% in about half of the cases, using LC-UV detection
at a wavelength of 214 nm (85). However, despite good integrity and detectability
down to 1% levels attainable by LC-UV peptide mapping method, detection of
sequence variants from a single-enzyme peptide map remains a challenge and
can be subjected to a lack of resolution of variant peptides or a co-elution with
another major peptide. In another study, detection of hypothetical mutations by
spiking with two synthetic peptides containing Tyr→Gln substitution into the
tryptic digest of an antibody was shown to have detection limits of 2% for the
peptide eluting in a clear flat region of the LC-UV profile, and only 15% for
the peptide which eluted as a shoulder on the descending slope of an existing
sequence peak (91). The visual comparison of LC-UV profiles of Lys-C peptide
maps did not reveal obvious differences, however, between the variant-free
mAb and the sample with less than 7% of Asn→Ser variants (67). In another
example, a tryptic LC-UV peptide map did not provide the sensitivity to detect
the intron-sequence-containing and abundant splicing variant peptide, which
co-eluted and was masked by a broad peak due to elution of glycopeptides (63).
Finally, the sensitivity of an LC-UV method was not sufficient to reveal the
presence of a Ser52→Gly sequence variant at the peptide level of 0.2% in the
heavy chain of an IgG1 (86).

It was speculated that the improved detection of variant peptides, in principle,
can be achieved by changing separation conditions, such as the gradient and
mobile phase composition, of any given LC-UV peptide mapping method,
targeting changes to shuffle retention specificities of peptides and causing them to
elute in “un-occupied” locations of the chromatogram (92). Analysis of fractions
collected from orthogonal methods, such as ion exchange chromatography (IEC)
or RP-LC, is a means of sample enrichment with variants of interest. Subsequent
interrogation by reduced MS or peptide mapping is an excellent approach to
improve detection and, at the same time, provide ground for intra-fraction
comparison (87, 88).

Charge-based separation methods, such as IEC and capillary isoelectric
focusing (cIEF) are platform methods used to monitor the microheterogeneity
of mAb products due to the presence of charge isoforms (93). When compared,
the IEC profiles of anti-IGF-1R mAbs with the expected sequence and the
product containing the splicing variant with additional 24 amino acids, exhibited
non-specific but noticeable differences (63). Separation of charge variants,
especially in the basic region of the profiles, is well-established to be very
sensitive to a potential sequence variant (63, 79). It should be noted, however,
that the sensitivity of these methods is based on the change in charge and not
directly due to the change in amino acid composition. Isoforms that do not carry
charge differences cannot be effectively resolved by charge-based methods.

Both IEC and cIEF can be extremely effective in detecting low levels of those
sequence variants that induce charge differences. For example, IEC successfully
separated variant IgG1 molecule with the single Ser→Arg mutation in the light
chain with abundance of less than 1% from the peak for the major product isoform
(94). Similarly, 0.3% to 0.6% Ser→Arg sequence variant was detected in the basic
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region of the imaged cIEF profile of an IgG1 molecule (87). Moreover, in both
cases, IEC and cIEF served as the front-line methods in detecting low levels of
these sequence variants. To our best knowledge, these cases are the only published
examples where detection of sequence variants at levels less than 1%was achieved
for an intact antibody.

In some early characterization work, peptide analyses were often carried
out using amino acid analysis (AAA) and N-terminal sequencing by Edman
degradation (61). N-terminal sequencing was also used to identify the crossover
event between the variable region genes of the antibody, as discussed by Wan
et al. (62), and to confirm the intronic translation origin of the variant peptide
in the anti-IGF-1R example (63). As a general trend, however, the once-mighty
Edman degradation sequencing has been recently challenged by on-line detection
with MS because of its excellent capability for high-throughput peptide analysis.
Nevertheless, N-terminal sequencing still remains a powerful technology in cases
when translational errors lead to proteins’ sequence modifications that cannot
be easily deduced from examining the amino acid sequence of that protein. For
example, Edman was the best-choice sequencing method to identify the variant
peptide due to the stop codon mutation event (see Table 1), proving the high
value of the sequencing technology (64). It is also the method of choice for
the determination of substitutions of Leu and Ile with each other, because they
are identical in elemental composition and cannot be distinguished by mass
measurement alone.

Popular molecular biology methods, such as polymerase chain reaction
(PCR) and qPCR (quantitative polymerase chain reaction), have been successful
in confirming occurrence of DNA mutations in biological products (see Table
1 for examples). These methods can provide detection of down to 0.1% of
single-nucleotide substitution for a target region of DNA sequence, which requires
the design of specific primers, limiting their application to verification of a
specific variant (70). Several new DNA sequencing technologies have emerged to
show promise for providing fast and cost effective genomic sequencing solutions.
The so-called next-generation sequencing (NGS) technologies were reviewed in
a number of recent articles (95–97). The NGS technology was demonstrated to
detect a 2% sequence variant of a recombinant IgG due to a single nucleotide
substitution, with a potential to probe DNA integrity de novo down to 0.5%
variation levels (70).

Evolution of Peptide Mapping Methods

Recognition of the molecular origin of disease promoted the development of
analytical methods to study proteins. The first successful application of peptide
analysis was identification of differences between the normal and the sickle-cell
anemia hemoglobins, achieved in 1956 by Ingram, who discovered that the
difference between the two proteins was due to a single amino acid on one of the
tryptic peptides (98). In its original version, peptide analyses were conducted
in a two-dimensional format with a combination of paper electrophoretic and
paper chromatographic techniques. Such “fingerprints” consisted of a number of
peptide spots arranged (mapped) in a two-dimensional pattern on a filter paper or
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a thin-layer cellulose sheet. Introduction of RP-HPLC with ion-pairing reagents
in 1970s by Hancock et al. forever changed the way the analysis of proteins and
peptides were conducted (99). The term “peptide map,” however, stayed with the
method.

Development of soft-ionization techniques, such as fast-atom bombardment,
first, and, later, electrospray ionization (ESI), for MS enabled direct coupling of
HPLC to the MS detector (100–104). The synergy of the two powerful methods
made peptide mapping a highly informative approach to study and identify
proteins. Early protein identification approaches were based on detected masses
of corresponding peptides and their matching to database entries (105). Further
refinements of tandem mass spectrometry (MS/MS) methods and data-dependent
acquisition algorithms added an extra level of confidence to peptide assignments
by sequencing peptides in the gas-phase during MS/MS experiments (106).
Algorithms for matching experimental (high-pressure) LC-MS data with known
protein database entries were developed to allow automated identification of
proteins and their major PTMs. Among these, SEQUEST (107) and Mascot
(108) are two popular programs for database searching used for automated
processing of large datasets. Realization of the importance of genetic variation in
phenotype prompted development of capabilities to identify peptides containing
amino acid substitutions resulting from a SNP (109). Extension of capabilities to
search for unknown modifications of peptides, driven by the desire to interpret
unmatched peptide spectra, lead to the development of Mascot error-tolerant
search (ETS), which is also capable of handling multi-vendor data file formats
(110). Benefiting from high mass accuracy attainable by modern high-resolution
mass spectrometers (111), ETS is a powerful approach for identification of
unexpected PTMs and sequence variants.

Role of Peptide Mapping with Liquid Chromatography-Mass Spectrometry

Peptide mapping is an effective method for evaluating the amino acid
sequence and PTMs of proteins and is now used routinely during many stages
of pharmaceutical development (65). As analytical technologies become more
sensitive, it is likely that products previously believed to be homogeneous will
be revealed to contain some microheterogeneity, at least due to the basal error of
biosynthesis. For example, by applying high-resolution MS to peptide mapping,
Yu et al. reported identification of translational errors with frequencies of 10-3 to
10-4, nearing reported errors of cellular processes (60).

Reversed phase separations with 1.5- to 3-hour-long gradients, perfusing 2.1
mm i.d. analytical HPLC or UPLC (ultra performance liquid chromatography)
column, packed with 3 µm or ≤ 2µm particles, respectively, are typically employed
for evaluation of the integrity of the amino acid sequence of expressed mAbs
and are well-suited for detection of sequence variants (85, 88). Such peptide
maps are targeted to have enough peak capacity to adequately separate peptides
of mAb heavy and light chains with greater than 95% sequence coverage, and
to provide enough “peak-free space” in case an unexpected variant is present in
the sample. The endopeptidase trypsin is commonly used because it predictably
and specifically cleaves both polypeptide chains of a typical mAb into fragment
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peptides that have typical molecular masses in the range of 700 and 2500 Da.
Tryptic peptides also contain a basic residue, Arg or Lys, at the C-terminus,
making them well-suited for MS and MS/MS detection. Typical optimization
strategies of digestion conditions target minimization of artifacts induced by
sample preparation, such as Asn deamidation, N-terminal Gln cyclization,
non-specific cleavages, and secondary products of Cys alkylation (112).

Although trypsin is often the enzyme of choice, the use of other enzymes
has been exploited. Employment of a second enzyme peptide map was suggested
to improve overall sequence coverage and to enable more complete detection
of potential sequence variants at any residue. Such a “two-mapping” method
provided researchers with 98.5% sequence coverage for a mAb sample spiked at
the level of 1% (85). The published choices of the secondary enzymes include
endopeptidases Lys-C (67), chymotrypsin (85), Glu-C (64), Asp-N (88), and
thermolysin, the choice of which depends on a particular task or the need to
improve coverage of a specific region missing from the primary enzyme peptide
map. Reliable detection and identification for peptides is reported for variants
with relative abundances of 0.5% (85) and even 0.01% (60).

Quantitation based on MS, in principle, is subject to ionization differences
between the normal and variant peptides, the dynamic range of the mass
spectrometer, and potential ion signal suppression in cases when peptides of
interest co-elute with other peptides. For example, the amounts of Ser variant
peptides relative to Asn-containing peptides were reported to be within 15% to
20% higher than values determined by spiking experiments (67), a discrepancy
caused partially by better (about 12%) ionization efficiencies of Ser peptide
variants and by signal saturation of abundant Asn peptides. Ionization efficiencies
of Gly- and Glu-containing variant peptide were shown to be within two-fold of
one another, likely due to a change in charge distribution induced by replacement
of Gly with the acidic Glu residue (45). However, conservative substitutions
of a single amino acid, without causing a significant change in charge or
hydrophobicity of a peptide, showed good correlation with true spiked levels of
low abundant peptide (85).

Analyses for sequence variants in biotherapeutic proteins, requiring
examination of a large number of spectra (often in thousands), can be compared
with searching for “a needle in a haystack.” Manual processing of thousands of
spectra, produced by modern mass spectrometers, is not practical. Mascot ETS
enabled the detection and identification of unknown variants in biopharmaceutical
products and became a standard tool in many laboratories in the industry for
detection of low-level sequence variants and other modifications in proteins. In
fact, the first report on detection of 0.01% of Ser→Asn variant would not have
been possible without the use of the software capable of handling large-volume
data processing, consisting of tens of thousands of MS/MS spectra in a single
data file. Nevertheless, the approach has several limitations. First, the search
considers only a single amino acid variation in a peptide (minor change), when
compared with its expected sequence in the database. When a modification
induces variations involving changes at two or more sites (significant change) in
a peptide, the ETS approach will most likely fail to detect these modifications. In
the above cases, significant translational errors due to the stop codon readthrough
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(64), DNA recombination (62), or intron translation (63) would not be detectable
by the ETS search. Detection of the Tyr→Gln missense mutant, caused by a
two-base change (TAT→CAA), would challenge data analysis algorithms based
on the SNP principals. Second, a frequent complaint is that Mascot ETS contains
a large amount of false positives, making data analysis a rather tedious process
and requiring extensive manual verification of potential hits.

Mascot software provides a score upon which the “correctness” of a peptide’s
assignment to a sequence in the database is based. This score is in part a
reflection of the quality of the collision-induced dissociation (CID) data for that
peptide. In other words, it reflects the number of sequence information-bearing
b and y fragment ions, originating from cleavages along the peptide’s backbone.
However, not all peptides produce good-quality spectra, which often makes it
difficult or even impossible to unambiguously identify a peptide. For example,
CID fragmentation of peptides containing Pro residues or Pro-Asp (Glu) motifs are
known to provide less-informative spectra, making CID spectra for these peptides
difficult to interpret. Moreover, assignment of an exact location of a sequence
variant in a peptide is often challenged by the lack of sequence-indicative fragment
ions or by sequence gaps, because of which the position of that variant cannot be
unambiguously assessed. Also, a number of amino acid substitutions are isomeric
to each other or to frequent modifications. For example, mass change, ΔM, for
Ala→Gly = Ser→Thr = Leu→Val = Glu→Asp = Gln→Asn = −14.0157 Da; mass
change for Ala→Ser = Phe→Tyr = +15.9949 Da = oxidation; and mass change
for Ala→Glu = Gly→Asp = +58.0055 Da = Cys carboxymethylation, which is
a frequently used Cys-capping modification. A comprehensive list of chemical
modifications and digestion and ionization artifacts, which potentially can be
misinterpreted as sequence variants, is provided by Zhang et al. (supporting
information in Ref. (26)).

Several novel informatics approaches were recently developed targeting
the analysis of biotherapeutics by LC-MS. Zhang et al. developed a computer
algorithm for automated analysis of a large-scale LC-MS dataset for identification
and quantitation of known and unknown covalent modifications (including
sequence variants) by comparing the experimental fragmentation spectrum
to the predicted spectrum of each native or modified peptides and on-the-fly
determination of their relative peak areas (113). In a second approach, a wildcard
search allows the hunt for unanticipated or even unknown modifications alongside
known modifications. This algorithm also takes advantage of recalibrating the
LC-MS data file on-the-fly for improved mass measurement accuracy (114).

In addition to the automated analysis and interpretation of CID data, a
complex work flow for sequence variants analysis by LC-MS takes full advantage
of information-rich MS-level data (70). The unified approach aims to overcome
limitations of conventional database searching with Mascot ETS and a potential
lack or poor quality of MS/MS spectra for a potential variant peptide. For
that purpose, a commercially available, label-free quantitation software was
successfully employed by Zeck et al. (70) for comparative evaluation of two or
more related samples, used as biological references to each other.

The main focus of analytical chemistry during the cell line development is
to verify, with a good degree of confidence, that it is free from genetic mutations
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and that it is safe to proceed with its further development and establishment of
the master cell bank. As a standard practice, several top-performing clones are
subjected to the scrutiny of sequence variant analysis at early phases of product
development. At that time, evaluation is often conducted on an individual basis
by LC-UV and/or LC-MS peptide mapping methods, as well as by comparison
of all the tested clones, either by visual inspection of overlaid LC-UV profiles
or by comparative analysis of LC-MS data, as described by Zeck et al. (70).
Often, LC-UV and LC-MS data are complementary to each other, and sequence
variants not detected by LC-MS, for one or another reason, can be detected from
the comparison of LC-UV profiles (64). Comparison of multiple clones from
different transfections is believed to be a good approach to detect DNAmutations.
DNAmutations are reported to cause significant expression errors, with abundance
of variant isoforms ranging from under 1% to more than 50%. However, this type
of error is random and is a rare event with negligible chance that the same genetic
mutation will occur simultaneously in different and unrelated clones. Thus, a
comparative approach is a very powerful method for detection of “a needle in a
haystack,” which characterizes the occurrence of genetic errors in biotherapeutic
proteins well.

In contrast, translational errors are either codon- or amino-acid-specific,
suggesting that these errors occur at multiple locations, involving similar sites
of the expressed protein. Despite the evidence that these errors produce small
amounts of variant isoforms, typically less than 3% in abundance and lower, their
successful detection is, undoubtedly, simplified by their multiplexed presence.
Even if one site is missed, other chances for identification of sequence variants
of a given type still exist. After successful identification and verification of a
sequence variant, all other sites can be retrospectively examined to verify the
presence or absence of a potential variant at that site, which was presumably
missed in the original search. Unlike genetic mutations, translational errors are
often successfully fixed by adjusting cell growth conditions or optimizing cell
culture and feeding parameters, as illustrated by several examples described
above.

Detection of Sequence Variants in the Recombinant IgG1 Antibody from
NIST (NISTmAb)

The NISTmAb standard was received by both laboratories at a concentration
of 10 mg/mL in 12.5 mM L-His and 12.5 mM L-His HCl, pH 6.0.

The sequence variant analysis of the NISTmAb (IgG1) was conducted by two
independent laboratories, Lab 1 and Lab 2. No prior discussions on the use of
methods, experimental conditions, and data analysis protocols were made; each
lab operated independently, utilizing their existing best practices for execution of
this type of analysis. In both cases, peptide mapping was performed using state-
of-the-art, high-resolution LC-MS/MS technology.
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Methods Overview

The general strategy used for the detection of sequence variants included
the use of two complementary proteolytic digestions, LC-MS/MS analysis with
long-gradient separation, and an error-tolerant database searching strategy where
unassigned MS/MS (those that do not match the mass of expected proteolytic
peptides) is iteratively searched against a comprehensive list of modifications and
amino acid substitutions. Here we present an overview of the methodology, with
details on sample preparation, experimental conditions, and data analysis given in
Tables 2 and 3.

Table 2. Sample Preparation and Digestion Details

Lab 1 Lab 2

Denaturation and Reduction

Approximately 1 mg of the mAb was
diluted in denaturation buffer containing
6 M guanidine HCl, 360 mM Tris and 1
mM EDTA at pH 8.6.

An aliquot of 60 {{L sample (600 {{g)
was diluted into 517 μL of denaturing
solution, comprised of 7 M guanidine
hydrochloride and 0.1 M Tris at pH 8.2.

The sample was reduced by treatment
with 10 mM DTT at 37°C for 1 h.

The sample was reduced by the addition
of 14 μL of 400 mM DTT at 37°C for 1 h.

Alkylation (Cysteine Capping)

The sample was alkylated with IAA to
a final concentration of 35 mM in the
dark for 20 min at room temperature.
The reaction was stopped by consuming
excess IAA with DTT.

The sample was alkylated with the
addition of 12 μL of 1 M IAA for 60 min
at room temperature in the dark.

Desalting

The sample was buffer exchanged into
digestion buffer containing 25 mM Tris
and 1mM CaCl2 at pH 8.1 using NAP-5
desalting columns.

The sample was buffer exchanged into
digestion buffer comprised of 50 mM Tris,
pH 8.2, using a NAP-5 (Sephadex G-25
gel) filtration column.

80% (800μL) of the eluent from the
desalting column was collected to
minimize the collection of residual
guanidine.

1 mL of the eluent from the desalting
column was collected, to give about 0.5
mg/mL of protein in 50 mM Tris buffer,
pH 8.2.

The reduced and carboxymethylated
sample was split into two fractions.

The purified sample was split into two
equal 500 μL fractions for proteolytic
digestions.

Enzyme 1 Digestion (Trypsin)

The sample was digested with
sequencing-grade modified trypsin
added at a 1:25 enzyme to protein ratio at
37°C for 1.5 h.

The sample was digested with
sequencing-grade modified trypsin
added at a 1:15 enzyme to protein ratio at
37°C for 5 h.

Continued on next page.
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Table 2. (Continued). Sample Preparation and Digestion Details

Lab 1 Lab 2

The trypsin reaction was quenched by
acidifying the solution.

10 μL of TFA was added to quench the
trypsin reaction.

Enzyme 2 Digestion (Thermolysin)

The sample was digested with thermolysin
enzyme using a 1:100 enzyme to protein
ratio at 25°C for 30 min.

The sample was digested with thermolysin
enzyme using a 1:50 enzyme to protein
ratio at 37°C for 3 h.

The thermolysin reaction was quenched
by adding a solution of EDTA.

10 μL of TFA was added to quench the
thermolysin.

CaCl2, calcium chloride; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; HCl,
hydrochloric acid; IAA, iodoacetic acid; TFA, trifluoroacetic acid.

The strategy used by both labs for peptide mapping of the NISTmAb
included a reduction step under denaturing conditions to reduce the protein into
its light and heavy polypeptide chains, followed by alkylation with iodoacetic
acid (IAA) to prevent the reformation of disulfide bonds. The general strategy
used for the detection of sequence variants included the use of two separate
proteolytic enzymes to increase sequence coverage and, in many cases, to
confirm assignments. Digestion with a highly specific protease, trypsin, was
used as a primary enzyme digest for peptide mapping. Thermolysin was used
by both laboratories as their platform secondary enzyme for peptide mapping.
Thermolysin is a less-specific, thermostable endopeptidase that hydrolyzes
protein bonds N-terminal to the hydrophobic amino acid, preferably Leu, Phe,
Ile, Met, and Ala residues (115). Thermolysin has proven to be a better choice
for the secondary enzyme over chymotrypsin because it is less prone to cause
rearrangement at both termini (i.e., transpeptidation). These sample preparation
artifacts are known to be abundant in chymotryptic digests and often complicate
data interpretation by introducing false positives (116, 117). Peptides generated
from the digestion of mAb with thermolysin are typically smaller in size due
to the frequency of hydrophobic residues in the mAb and low specificity of the
protease.

Despite all efforts to achieve complete digestion, peptide maps are often
found to contain some level of species with partial cleavages (118), which are
difficult to minimize even with overnight digestion periods. The presence of these
species has minimal interference in data interpretation because they are expected
and sometimes predictable (119). However, the presence of some level of artifacts
or modifications that has similar mass shifts as an amino acid substitution can
interfere with the proper assignment of a Mascot hit. If these artifacts are not
controlled for or not anticipated, they can potentially impact the quality of the
data, thus compromising the ability of the method to detect real sequence variants.
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Table 3. LC-MS Analysis and Database Searching Details

Continued on next page.
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Table 3. (Continued). LC-MS Analysis and Database Searching Details

Due to the improved detection capabilities of modern mass spectrometers,
low-level features (often below 1%) of protein therapeutics not previously known
are now easily detected. With efficient digestion of the protein as one of the
most important goals of peptide mapping, careful optimization of the sample
preparation procedure is critical to ensure that the maps do not contain high levels
of method-induced artifacts. These artifacts often include N-terminal cyclization,
semi- and non-specifically cleaved products, and rearrangement of residues from
both termini (116, 117). Furthermore, peptide mapping reactions with trypsin
enzyme are normally carried out at high temperatures and pH, thus producing
artificial clips and inducing deamidation. One complication of the use of IAA as
the alkylation reagent is that it adds a species with the elemental composition of
C2H2O2, for a mass of 58.01 Da. This is identical to the change due to a Gly→Asp
or an Ala→Glu substitution. Although IAA primarily modifies Cys residues
with the addition of a carboxymethyl group, IAA also reacts with Met, Lys, and
His residues, with Lys and His residues resulting in a mass addition of 58.01
Da. Overalkylation with double alkylation on Cys residues, resulting in a mass
addition of 116.02 Da, has also been observed at approximately 0.2% levels. The
need to fine-tune the alkylation conditions should target minimization of these
artifacts by balancing alkylation. We note, however, that the complete avoidance
of the artifacts is not feasible as both under- and over-alkylated variants are present
in the digests at the same time at low levels. Thus, the product ion spectra must be
scrutinized carefully to confirm the presence of a potential amino acid substitution
and to distinguish it from potential overalkylation. Alternatively, re-analysis of
the sample using a different alkylating reagent such as iodoacetamide could be
used to rule out sample preparation artifacts. In this dataset, the product ion
spectra were evaluated to confirm several Gly→Asp misincorporation events, and
only matches confirmed with high confidence were included in the results. Other
known artifacts that can interfere with the detection of amino acid substitutions
include oxidation; deamidation; transpeptidation; and acetaldehyde reaction on
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the N-termini of peptides for addition of C2H2, or 26.02 Da, which is identical to
an Ala→Pro substitution. Note that other potential amino acid substitutions are a
nominal 26 Da mass addition but have different elemental compositions and can
thus be distinguished by accurate mass measurements. Reaction of acetaldehyde
occurs at low levels and appears to be more prevalent when aged reduction and
alkylation reagents are used, or when tris(2-carboxyethyl)phosphine is used as the
reductant. It should also be noted that interference from host-cell proteins with
coincidental peptides, especially from process or incompletely purified samples,
or low levels of carryover from previous analyses, can show up as potential
sequence variants. In cases of distinguishing true amino acid substitutions from
artifacts, all of the available data should be used to confirm that the conclusion
is correct.

To ensure sufficient resolution between peaks in the peptide map, both labs
utilized long reversed-phase gradients (190min and 180min, respectively), similar
to that described previously by Yang et al. (85) for the separation of tryptic and
thermolysin digests. Although TFA is not the best LC mobile phase modifier for
MS detection, it was included in the method used by Lab 1 in order to enhance the
resolving power of the column and to improve peptide recovery. In contrast, Lab
2 used formic acid (FA) in the mobile phase in combination with a smaller particle
size (2.5 µm), charged-surface hybrid column to provide robust chromatography
with minimal peak tailing. These columns are designed to improve separation
when non-TFA based mobile phases are utilized.

Both laboratories used LTQ-Orbitrap Elite Velos Pro (Thermo Fisher
Scientific, Inc.) for online detection of peptides during LC-MS analysis. Accurate
mass detection is highly critical in verifying the fidelity of the amino acid
sequence. Not only is it essential for confident peptide assignments by MS, but
also for detecting small mass differences between peptides and for resolving
nearly isobaric species. For that, Lab 1 used external calibration protocols to
provide a mass accuracy of < 5 ppm, whereas Lab 2 employed additional internal
lock mass calibration, using hexakis(1H,1H,3H-perfluoropropoxy)phosphazene
at m/z 922.009798 for consistent mass measurement accuracy of 3 ppm.

Highly sensitive mass spectrometers in combination with high mass-accuracy
detection and rapid low-energy CID acquisition were the methods of choice for
sequence variant analysis protocols of both laboratories. Low-resolution CID
in the ion trap was used in all Lab 1 experimental protocols. Lab 2 used an
iterative approach, which exploited experimentally derived exclusion lists for
improved detection of low-level sequence variants. Exclusion lists for each of the
digests were first generated from the LC-MS data, where both MS and MS/MS
CID data were acquired at high resolution, to provide confident identification
of abundant peptides in the sample and to improve the overall sensitivity of the
method. A second LC-MS run was then conducted with high-resolution MS and
low-resolution MS/MS in the ion trap of the precursor ion selection for MS/MS.
The focus of the Lab 2 approach, thus, was on finding all sequence variants at the
lowest possible detection, without regard to the throughput. In contrast, the Lab 1
approach used a variant-reporting cutoff level set at 0.01% of relative peak area.

Both laboratories employed Mascot ETS for detection of sequence variants in
the NIST IgG1 material. One of the main issues with the use of ETS strategy is an
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overwhelming amount of hits that require manual evaluation. Several post-Mascot
search criteria can be applied to verify the hits. These criteria can be based on the
following (details are given in Table 3):

• Requirement for the presence of a corresponding wild-type peptide.
• Evaluation of the correctness of mono-isotopic peak assignment.
• Requirement for mass measurement error not to exceed the typical error

for the majority of other peptides.
• Manual confirmation of spectrum quality and its comparison with that of

a corresponding wild-type peptide.
• Requirement for hits to have a certain defined ion-score values.
• Cross-referencing hits between the digests with extra weight on trypsin

data.
• Elution of variant peptides relative to a corresponding wild-type peptide.
• Possibility of false positives due to artifacts and common PTMs with

mass shifts matching those of potential variants.

Lab 1 used in-house-developed software designed to integrate Mascot ETS
results with raw data, automate filtering of results based on a set of pre-defined
criteria, generate extracted ion chromatograms (XICs) for peptides, and determine
relative amounts of variants. The common practice between the laboratories for
determining the relative amounts was to take the ratio of the XIC peak area of
the sequence variant divided by the sum of the areas of the sequence variant and
wild-type peptide and multiply by 100.

Results and Discussion

No sequence variants were found in the NISTmAb at a level above 0.1%
relative abundance. However, many lower level substitutions were detected at
levels ranging from 0.0002% to 0.1%. Amino acid substitutions identified in the
NIST IgG1 at or above 0.01% relative abundance are tabulated in Table 4. A 0.01%
cutoff was chosen as a reference value, below which amino acid substitutions
fall within the realm of the fidelity of biological machinery. As a rule, quality
of data (MS/MS spectra) decreases with the relative abundance of species in a
sample, making verification of the correctness of assignment difficult for low-level
sequence variants. In addition, Mascot output is abundant with false positives and
requires careful manual verification, requiring a highly trained analyst.

The results of the comprehensive analysis for sequence variants by the two
laboratories are in a reasonable agreement with each other. When combined,
a total of 32 sequence variants with relative amounts of 0.01% to 0.1% were
reported to be present in the NIST IgG1 molecule, of which nearly half (14 of
32) of the reported variants overlapped between the result of the two laboratories,
as shown in Figure 2. There were several instances of the same amino acid
substitution occurring at multiple sites throughout the molecule at low levels,
specifically Ser→Asn at 10 sites, Gly→Asp at 5 sites, Val→Xle (likely, Ile) at
5 sites, Ala→Thr at 4 sites, and Arg→Lys at 3 sites. These observations are
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consistent with a misincorporation event rather than a DNA mutation. Although
the codon usage for this specific NIST standard is not known to the authors, all
these misincorporations are consistent with a single base difference in the codons.
For example, Ser→Asn could be due to AGU to AAU or AGC to AAC, where
the difference is in the second position. Similarly, the Gly→Asp substitution
could be GGU to GAU or GGC to GAC, again with the difference in the second
position. These changes are consistent with a G (mRNA)/ U (tRNA) base pair
mismatch during codon recognition, as recently reported by Zhang et al. (26) to
occur at any of the three codon positions. Such a change from G to A can lead
to these and other misincorporation instances occurring at multiple sites in the
sequence (Table 6 in Ref. (26)).

Table 4. Amino Acid Substitutions at Relative Amounts of ≥ 0.01% Detected
in the NIST IgG1 mAb
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The use of accurate mass measurements can be extremely helpful in ruling
out false positives. Using an internal lock mass in the MS mode allows confident
exclusion of potential matches outside of 3 ppm mass error. This can save
significant time in the evaluation of potential matches that meet other criteria
except for mass accuracy. In addition, collection of the high-resolution product
ion spectra in the Orbitrap mass spectrometer can aid in ruling in or out potential
sequence variants. Although special software tools used during the analysis
automated much of the data processing, a majority of hits that remained were due
to false positives. Even after filtering the results, an overwhelming amount of
over 600 Mascot hits collected by Lab 1 from the tryptic and thermolysin digests
required manual evaluation.

Figure 2. Venn diagram showing the results for sequence variant analysis in the
NIST IgG1 material generated by the Lab 1 (blue circle) and Lab 2 (purple

circle) with 0.01% reporting cutoff (filled circles) and with no cutoff (open circle)
for data from Lab 2.

Several peptides were observed in which more than one amino acid
substitution occurred in the same peptide, each generating a peptide with a single
misincorporation at a different site. For example, three individual Ser→Asn
substitutions were chromatographically separated and detected on the tryptic
peptide DSTYSLSSTLTLSK, containing a total of five Ser residues. XICs of
the doubly charged ion for this peptide showed three peaks (Figure 3). The
locations of each substitution were manually validated by thorough evaluation
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of the MS/MS spectra. In another example, tryptic LC peptide with a sequence
of VTITCSASSR exhibited two peaks in the XIC of the Ser→Asn variant form,
as shown in Figure 4. There are three Ser residues in this peptide, and therefore
three potential sites of substitution for a Ser→Asn misincorporation. In this
case, the product ion spectra of the substituted peptide at the two retention
times are sufficient to localize the substitutions at the two Ser 24 and 26 or 27
sites. In fact, the Mascot ETS identified both of these Ser→Asn sites correctly
and independently, although the two adjacent Ser sites (26 or 27) could not be
distinguished from each other. The product ion spectra from the Mascot ETS
results output are shown in Figure 5. In addition, these results were confirmed
in the thermolysin digest. Based on these data, both Ser24 and Ser(26 or 27) to
Asn misincorporations were considered confirmed, and the relative abundances
were determined from the trypsin digest. This result illustrates the importance
of chromatographic resolution for correct modification site assignments in
multiple forms of a variant peptide having isobaric (within the mass measurement
accuracy of an instrument) masses; MS/MS spectra alone often do not contain
enough information, or the quality of the information is not sufficient, to make an
unambiguous assignment.

Figure 3. Lab 1 example extracted ion chromatograms for a doubly charged
m/z 735.39 Ser→Asn sequence variant (top) and doubly charged m/z 751.88

unmodified (bottom) light chain residues 169 to 182 DSTYSLSSTLTLSK peptides.
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Another example compares MS/MS spectra for the unmodified
STSGGTAALGCLVK tryptic peptide, and its Arg for Lys variant with relative
abundance of 0.04% is shown in Figure 6. In this case, the good quality of the
CID data allowed unambiguous identification of the location of the substitution.
Because the substitution, occurring at the C-terminal end of the peptide,
involves tryptic cleavage site and can potentially be due to transpeptidation, the
thermolysin map was examined to confirm the correctness of the assignment.

Despite best efforts, some hits are more difficult to assign, particularly ones
that are isomeric with PTMs such as alkylation (−58.01 and +58.01) and oxidation
(+15.99). In order to assign these hits, careful comparison of MS/MS spectra
against the wild-type were performed by manual and very time-consuming
examination. A majority of the false positives were found in the thermolysin
digest. Due to the no-enzyme-specificity setting in the ETS, the number of
potential hits was found to increase exponentially.

Figure 4. Lab 2 example extracted ion chromatograms, deconvoluted using the
Xtract function of XCalibur software (Thermo Scientific, Inc.) for singly charged
m/z 1108.52 Ser→Asn sequence variant (top) and singly charged m/z 1081.51
unmodified (bottom) light chain residues 19 to 28 VTITCSASSR peptides, using a

mass tolerance of 5 ppm.
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Figure 5. Lab 2 example annotated tandem mass spectrometry (MS/MS) spectra
from the Mascot error-tolerant search (ETS) of a doubly charged Ser→Asn (+ 27
Da) misincorporation at light chain position 24 (middle) and 26 or 27 (bottom)
compared with the unmodified peptide (top). Ions shifted by 27 Da relative to the

unmodified peptide are indicated with an asterisk.
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Figure 6. Lab 1 example annotated tandem mass spectrometry (MS/MS) spectra
from Mascot error-tolerant search (ETS) of a doubly charged, heavy chain

tryptic Lys150→Arg variant (top) and unmodified STSGGTAALGCLVK peptides
(bottom).

Most of the peptide variants identified by Mascot were detected from the
analysis of the tryptic map. In silico analysis of the NISTmAb sequence indicated
that more than 20 peptides have molecular masses less than 600 Da. Detection
of these peptides is often difficult because many would not be identifiable by
Mascot or even retained chromatographically. One peptide generated by trypsin
had a length of 63 amino acids and a mass of 6,713 Da. Although this peptide
was detectable and identifiable by Mascot, its MS/MS spectra was complex.
Localizing the position of the amino acid substitution even with close examination
of the MS/MS spectra is often difficult for peptides that large. Thus, tryptic
peptide mapping alone cannot provide full coverage of the antibody sequence. It
is therefore beneficial to perform a secondary peptide map using an enzyme with
orthogonal specificity.

A second peptide map using a complementary enzyme was determined
to provide the necessary sequence. Because thermolysin generates relatively
smaller peptides, the large, 63-amino acid tryptic peptide was then fractionated
into small, more appropriately sized peptides for CID fragmentation. In addition,
the difference in cleavage specificity provided overlapping peptide fragments
with complementary chromatographic, ionization, and fragmentation properties.
Furthermore, two peptides with sequence variants were exclusively identified in
the thermolysin map. For example, thermolysin peptide LHNHYTQKS exhibited
a +69.01 Da mass shift, corresponding to a Ser→Arg substitution with a level of
0.07%. Comparison of the MS/MS spectra of the sequence variant against the
wild-type showed that the mass shift involves the y-ion series, with no change
in the b-ion series. However, this Ser→Arg variant was not detected in the
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tryptic map. Because the substitution to Arg introduced an additional tryptic
cleavage site adjacent to the original site at Lys, the information on the sequence
variant was lost, while a single amino acid Arg was generated. However, Mascot
semi-tryptic ETS did positively identify the complementary fragment, LSLSPGK,
which resulted from the substitution of Ser→Arg; alone, this result did not allow
confirmation of the Ser→Arg substitution.

Chances of detecting sequence variant peptides depend on MS response and
can be affected by size, chromatographic separation, ionization and fragmentation
efficiency, location, and the effect of the substitution itself. Because of these
reasons and the uniqueness of all peptides, establishing a uniform limit of
detection and quantitation is not practical and may not be possible. For example,
some peptides can be detected at levels below 0.001%, whereas others can be
difficult to detect even at levels above 1.0%. Thus, as a more practical approach,
it may be suggested to determine levels of detection of potential sequence variants
separately for each of the original unmodified peptides in a protein sequence,
based on their MS response. Because detection in tandem LC-MS is thresholded
to detect peptides reaching a certain minimum number of counts, typically set at
about 103 counts, a variant of an unmodified peptide with 105 or 107 counts, will
be detected, respectively, at 1.0% or 0.01% levels.

Modeling Detection of Low-Level Variants from Spiking Experiments

Spiking a known protein of a different identity at different levels into a sample
containing the analyte of interest can serve as an excellent test case to evaluate
the method performance for the detection of low-level variants. Because it is not
possible to know a priori which sequence variants are present in a sample and
at what level, this model provides the ability to target multiple peptides with a
wide range of responses. This sequence variant model can be used to test assay
performance, detect deficiencies or limitations of the method, and serve to test
the system suitability of the work flow. Specific assay acceptance criteria can
be established and integrated in the analysis to determine if the method used for
sequence variant screening is performing as expected.

To demonstrate this approach, a second, mouse IgG1 molecule from Waters
(Intact mAb Mass Check Standard, Waters Corporation), bearing a 60% sequence
homology with the NIST IgG was spiked at the protein level into the NIST
antibody sample at 0.2%, 0.5%, and 1.0% (w/w) prior to digestion with trypsin.
The spiked samples were prepared and analyzed by Lab 1 using their established
work flow. LC-MS/MS data was analyzed with Mascot by searching against a
database containing both the heavy and light chain sequences of the Waters IgG1
standard and the NIST IgG antibody listed as two entries.

After tryptic digestion, the spiked sample produced over 40 peptides that
differed in length, composition, elution, and ionization. A majority of these
peptides at the 1.0% spike level were identified by Mascot, covering 90% of
the Waters mAb sample. Undetected Waters mAb peptides were those with
sizes <600 Da, and the glycopeptide EEQFNSTFR was not detected because the
Mascot search did not include the glycosylation as a modification. At 0.5% and
0.2% spike levels, sequence coverage dropped to 88% and 86%, respectively. The
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reduction in sequence coverage upon the decrease of the levels of spiked variant
model mAb, suggests that the overall ability of the LC-MS method to detect
sequence variants decreases with the relative abundance of a variant peptide in
a protein.

As highlighted by this example, the method cannot guarantee detection of
sequence variants in 100% of all cases, even at levels of 1.0%. It is important
to ensure, however, that the method is tuned and optimized for the best possible
detection of low-level variants. Based on the above spiking case study, the system
suitability can be introduced with acceptance criteria set to target detection of ≥
85% of the spiked variant mAb sequence from the sample spiked with 0.5% of
the variant mAb. This model is designed to address potential errors associated
with sample handling and preparation as well as with the performance of the entire
LC-MS system. Thismeasure is better suited for the detection of low-level variants
than the sequence coverage of the major component alone, which is less sensitive
to non-optimal experimental conditions or sample and system contamination.

It should be also noted that the use of multiple enzymes with variable
specificities should be implemented to improve the chance of detection. As
also discussed in this chapter, the arsenal of orthogonal analytical technologies
routinely used for product release and characterization serves as a powerful
approach to detect sequence variants.

Analytical Figures of Merit

Modern LC-MS methods are capable of detecting sequence variants at
0.01% (60) and even at levels as low as 0.001% (26), which already fall within
the expected basal fidelity of biosynthetic processes (10-4 to 10-5). This section
generalizes characteristics of the LC-MS method for the detection of sequence
variants across a protein sequence. Although this discussion applies to the general
case of the application of the method, the above spiking studies were used to
support the discussion.

Chromatographic separation and speed of MS data acquisition can complicate
the detection of variants by crowding the time-m/z domain beyond the ability of
the method to produce data for all the species. The issue of undersampling can be
substantial in cases where samples are extremely complex and multi-component,
such as during MS-based proteomics investigations. In contrast, during the
analysis of biotherapeutic proteins by peptide mapping, samples are relatively
pure and dominated by a single protein component. Baseline separation for
most peptides often is achieved, which is in contrast to MS-based proteomics,
where the number of peptides in the sample significantly exceed the ability of
the chromatographic method to separate them. A tryptic digest of a typical
monoclonal IgG, assuming up to two missed cleavages, contains less than 200
peptides, of which less than 100 are properly cleaved primary sequence peptides.
This relatively simple mixture can be effectively separated using a long LC
gradient, similar to those described in this chapter, with routine peak capacities
of 300.

Ionization efficiencies of peptides are sequence-dependent. This is the major
reason why different peptides exhibit variable MS peak intensities in peptide
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maps. Broadening of chromatographic peaks or compromised recoveries of
particularly hydrophobic species can also play a role. Spiking experiments
with two independent mAbs can model the detection characteristics of the
LC-MS method (85). The log10-log10 plot presented in Figure 7 shows the signal
intensities of six peptides from a commercially available Waters mAb spiked
into the NISTmAb, where the value of 2 on the x-axis represents 100%, or pure,
Waters mAb. It should be noted that there is at least an order of magnitude span in
signal intensities of these peptides detected in the digest of the pure Waters mAb,
exhibiting the inherent differences in the ionization efficiencies of these peptides.

Figure 7. Log10-log10 dependence of mass spectrometry (MS) signal intensity of
six peptides from Waters monoclonal antibody (mAb) on a relative spike level of

the Waters mAb into NISTmAb.

Method Detection Limit

The detection of peptides in a typical data-dependent acquisition method,
such as those used in these experiments, is based on the establishment of a
certain ion count threshold value, beyond which potential precursor ions are
selected for tandem MS analysis. Providing their successful identification during
database searching, these precursors gain detected status. A threshold value can
be established as the minimum number of ion counts required to determine a
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charge state of a potential ion of interest, distinguish it from a random electronic
noise, and produce good-quality tandem MS data. In a typical LC-MS method
using LTQ-Orbitrap instrumentation, threshold values of 1000 to 3000 counts are
often well-suited to providing informative MS/MS spectra for peptides. Thus,
this threshold provides an estimate for the lowest signal intensity of an analyte
that can potentially be detected by the method. In the Figure 7 example, the
x-axis values corresponding to intercepts of the extrapolated calibration plots
with y is 1 (corresponding to signal intensity of 1000 counts) can be used to
define the detection limit, based on signal intensity for the model peptides. The
detection limits for peptides show strong dependence on their signal intensities
in the original pure sample, as plotted in Figure 8. This approach predicts that
the minimum spike of Waters mAb that can be detected falls within a wide range
from 0.002% to 0.1%, depending on the peptide.

Figure 8. Estimation of method detection limits for variants as a function of
signal intensity of primary unmodified peptides based on calibration curves for
the six model Waters monoclonal antibody (mAb) peptides shown in Figure 7.

Extrapolating the spiking experiment to the detection of sequence variants
in a protein, the detection characteristics of the method can now be estimated.
Detection limits for potential sequence variants can be established individually
for each of the primary sequence peptides from a 2-point calibration, connecting
the plot’s origin and signal intensity coordinate of a primary sequence peptide at
its 100% abundance, using the following equation:
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where Ithrs is the method’s defined threshold for data-dependent acquisition and
I100% is the signal intensity of a primary sequence peptide.

The assumption of a 100% abundance of a primary sequence peptide is
reasonable for detection of low-level variants. Potential differences in ionization
efficiencies between original primary sequence peptides and their analogs with
sequence variants might be neglected for this estimation, although in some cases
may be significant. Furthermore, the pronounced signal saturation exhibited
by abundant primary sequence peptides contributes to the underestimation of
detection limits estimated by the two-point calibration method, which likely is
beyond the variability of ionization efficiencies of the primary sequence peptides
and their potential variants. Based on these estimations, method detection limits
are predicted to fall within 0.002% to 0.1% for the majority of the peptides in a
peptide map of a typical mAb. It should be noted that all the sequence variants
reported in this chapter for the NISTmAb were within this range.

Precision

Yu et al. reported that multiple measurements (n = 5) on multiple days
(n = 3) of two mAb molecules exhibited RSDs of 10% to 15% for variants at
misincorporation levels of 0.05% or higher (60). In a different study conducted in
one of our laboratories (Novavax, Inc., data not shown), measurement repeatability
for several peptides in a recombinant protein, with relative abundances from 0.3%
to 30%, was below 6% RSD among repeated (n = 4) measurements, conducted
on two different days, and even using two different 105- and 165-minute-long
LC gradients. However, the variability increased to above 20% RSD when the
amount of sample loaded onto the column varied at levels of 6 µg, 17.5 µg, and
35 µg of protein. Furthermore, the relative differences in abundances of all of the
peptides, regardless of their levels, exceeded 50% between protein loads of 6 µg
and 35 µg. This result suggests that to achieve good precision using the LC-MS
method for relative quantitation, experimental conditions, such as column loading
amount or other parameters that can affect MS response, should be kept consistent
between the experiments.

To compare the relative quantitation of sequence variants in the NISTmAb
detected by the two laboratories, relative abundances of the 14 overlapping
sequence variants were plotted, as shown in Figure 9. The diagonal line in Figure
9 illustrates equivalence of datasets. On average, the results from Lab 1 are higher
compared with the data from Lab 2, as evidenced by a larger portion of data points
being below the diagonal line. In two cases, results from the two labs differed by
almost an order of magnitude (0.02% vs. 0.1% and 0.01% vs. 0.002% reported
by Lab 1 and Lab 2, respectively). The majority of the results (71% or 10 out of
14) for sequence variants, however, had relative differences within 100%. The
agreement between the datasets is reasonable, given the complete independence
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in sample handing, data acquisition, and the way data were generated between
the two laboratories.

Figure 9. Correlation between relative abundances of sequence variants reported
by Lab 1 and Lab 2 in the NIST monoclonal antibody (mAb). The diagonal line

indicates one-to-one correlation, shown for visual comparison.

Accuracy

The ability of an analytical method to accurately report concentrations of
analytes is an important metric of that method. Evaluation of accuracy of a
method implies the use of standards with known concentration against which
signal response of a system can be established during calibration. In contrast,
relative quantitation of components in a sample assumes proportionality between
their responses and their abundances. For the LC-MS method described in this
chapter, however, that is not necessarily true for a wide range of responses and
is limited by multiple factors, out of which signal saturation at the upper end of
the dynamic range, ionization efficiency, and suppression seem to be the most
prevalent.

To get insights on the accuracy of the method, abundance percentages of
selected tryptic peptides from Waters mAb, relative to analogous peptides from
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NISTmAb, were plotted against 0.2%, 0.5%, and 1.0% protein-level spikes of
Waters mAb into NISTmAb. The choice of Waters mAb and NISTmAb tryptic
peptide pairs, selected for this evaluation, was such that differences in their
sequences do not exceed more than two amino acids. Peptide pairs are presented
in Table 5. Regression lines were established for relative abundances of Waters
mAb peptides plotted against protein spike levels, allowing evaluation of the
accuracy of protein quantitation based on the peptide-level measurement. Slopes
of regression lines determine the closeness of peptide quantitation results to actual
protein amounts of spiked protein. As presented in Table 5, slopes ranged widely
between 0.78 and 2.95, indicating that relative peptide quantitation can under-
and overestimate the abundance of variant proteins.

Table 5. Characteristics of Regression Lines for the Relationship between
Abundance Percentages of Several Waters mAb Tryptic Peptides Relative
to Analogous NISTmAb Peptides and the Spike Level of Waters mAb on

the Protein Level

Thus, the relative quantitation by the LC-MSmethodology is not absolute and
should be viewed as semi-quantitative. On the other hand, accurate quantitation
would require availability of standards for peptides with sequence variants to
calibrate the system. This would not be practical in most cases of sequence variant
analysis in a biopharmaceutical setting, where fast turnaround and comprehensive
sequence coverage are required. Excellent detection characteristics and relatively
high throughput of the LC-MS method make it a powerful technology for
screening for sequence variants in biotherapeutic proteins.

Concluding Remarks
In this chapter, we attempted to summarize the current knowledge of the

origins, occurrence, significance, and present-day state-of-the-art detection
methods for sequence variants in recombinant proteins used as biotherapeutics.
We define any unintended amino acid substitutions along the polypeptide chain
of a protein as a sequence variant. Because of the nature of production by living
organisms, errors associated with the underlying protein biosynthesis govern
the occurrence of sequence variants in recombinant proteins. Sequence variants
can originate at any step of the complex protein synthesis process, including
replication, transcription, and translation events. Sequence variants occurring
during DNA replication are known as mutations. Evolutionary DNA replication
is the most accurate biosynthesis step, with error rates estimated at 10-9 per
base pair. Mutations can arise during transfection and gene amplification and
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can amplify due to the selection pressures used to establish high-producing
clones. Once a clone containing a genetic variant is produced, this mutation
will propagate though sub-cloning and can be affected by a cell age. For that
reason, ICH guideline (89), emphasizes the need to confirm that the coding
sequence is correct and that the sequence is maintained for the course of a number
of population doublings to establish a limit for in vitro cell age. In contrast,
translational errors can be due to either misacylation (or mischarging) of tRNA
by its cognate aminoacyl-tRNA synthetases with an erroneous amino acid or a
tRNA anticodon mismatching (misreading) with a three-base codon of mRNA,
leading to introduction of errors into the growing polypeptide chain. These type
of errors are more abundant and occur in vivo at the rates of 10-4 to 10-5 per codon,
but they can increase significantly due to nutrient and amino acid deprivation in
production medium or an non-optimal codon usage in the construct. In many
cases, these errors can be successfully reduced or even eliminated by optimization
of cell culture conditions and processes.

In addition, sequence variants are not only limited to a single amino acid
substitution. For example, mutations affecting a stop codon, frameshift, or stop
codon readthrough, as well as splicing errors during transcription, can produce
variants with the addition or omission of multiple amino acids at the same time.

The effect of the sequence variants on potency, efficacy, and safety of
biotherapeutics is not known a priori and needs to be addressed on a case-by-case
basis. A proper risk assessment serves as a gating point in deciding a strategy
to evaluate the variants’ effect on vital properties of a biotherapeutic protein.
Bioassays can be used to assess binding potency or effector functions of IgGs,
although the effect of sequence variants at levels of about 1% will likely be too
small to be reliably detected by the assays. The effect on immunogenicity of
molecules with low-level variants can be difficult to assess because biotherapeutics
can already be heterozygous (allele mismatch) for certain patient population
groups. In certain cases, animal toxicology or even clinical data also may be
needed to address the issue of the presence of a sequence variant.

It is strongly preferable, however, not to have appreciable amounts of
sequence variants in biotherapeutics in the first place. Strategies are being
developed to improve clone selection to avoid occurrence and potential
propagation of genetic mutations. At the same time, cell culture and medium
optimization are targeted to reduce commonly occurring misincorporations.
However, despite best efforts, sequence variants in recombinant proteins are
expected to occur with a certain frequency. Sequence variants normally exist at
low levels, however, and are governed by frequencies of biosynthesis errors.

In this chapter, we discussed analytical technologies for screening for
sequence variants. Based on published evidence, we conclude that the use of
multiple and orthogonal analytical methods often assists with the detection of
variants that would be missed by one or another method, especially in cases
where sequence modifications involve more than a single amino acid change
(Table 1). We note that the majority of the discussed methods deals with analysis
on a protein level. Emerging molecular biology methods, such as NGS, are
gaining acceptance in performing sensitive analysis of genetic integrity, and these
methods deserve consideration.
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Peptide mapping with LC-MS is currently the most used first-line method
for detection of sequence variants in recombinant proteins. Work flows and tools,
originally developed for proteomics applications, have served as the starting point
for the development of sequence variant analysis strategies for biotherapeutics.
The first such application was demonstrated by Yu et al. (60), who described the
synergy of coupling high-capacity peptide mapping with online high-resolution
MS followed by an error-tolerant database search for detection of sequence
variants. Detection of amino acid substitutions at levels down to 0.001% to 0.1%
(26), which is likely to be at the levels of “biological noise,” becomes feasible
with new advances in laboratory instrumentation.

In summary, the NIST IgG1 was subjected to sequence variant analysis by
peptide mapping using LC-MS at two independent laboratories. The results were
found to be in a reasonable agreement with each other, given the relative nature
of these measurements. Combined, both laboratories reported the presence of
32 amino acid substitutions at levels of 0.01% to 0.1% of the relative abundance
on a peptide level. Out of these 32 variants reported, 14 sequence variants
were detected in common in the results of the two laboratories. No sequence
variants at levels above 0.1% were detected in the sample by either laboratory.
The presented data for the NIST IgG1 molecule can serve as a reference point
to scientists who are establishing their methods for sequence variant analysis or
developing new strategies for when a high sensitivity for detection is required.
The NIST IgG1 sample, accompanied by the sequence variant data, can be used
as a system-suitability sample in protocols, such as peptide mapping, to confirm
the acceptable performance of a method.
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Chapter 3

Structural Elucidation of Post-Translational
Modifications in Monoclonal Antibodies
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Therapeutic proteins may undergo a series of modifications
throughout their production, processing, and storage. These
modifications can include the addition or replacement of
functional groups, or structural changes such as folding,
cleavage, and racemization. The presence of these
modifications can affect therapeutic monoclonal antibody
(mAb) biological activity, half-life, and immunogenicity.
Post-translational modifications that arise during cellular
expression and chemical modifications that may result during
the biomanufacturing process and storage must be discovered,
tracked, and evaluated for their impact on quality, safety,
and efficacy. A review of the most common modifications
encountered during therapeutic mAb development and their
characterization using modern analytical approaches is
presented, with an emphasis on mass spectrometry-based
approaches. As a real-world example, a peptide mapping-based
characterization study involving three independent laboratories
was conducted using the reference mAb provided by the
National Institute of Standards and Technology (NIST). Results
from this study are discussed to provide a representative
sampling of peptide mapping as it is currently applied
to characterization of mAb modifications, as well as
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considerations to weigh when developing these experiments
for qualitative and quantitative analysis.

Introduction

Most, if not all, proteins are modified following translation from mRNA
(1–3). Although it is estimated that the human genome comprises between
20,000 and 25,000 genes (4), the total number of proteins in the human proteome
probably exceeds 1 million (5). In addition to mechanisms that generate different
mRNA transcripts from a single gene (recombination, alternative splicing,
differential termination of transcription, etc.), a major source of this variability
is through post-translational modifications (PTMs). PTMs are defined as
enzyme-catalyzed processing of the polypeptide chain after translation, involving
more than 500 human protein kinases, 150 protein phosphatases, 500 proteases,
transferases, and ligases (2). PTMs are vital to regulation of function, signal
transduction, cellular regulation, protein targeting and localization, degradation,
and structural/conformational rearrangements (1, 2). Some of the most common
PTMs found in therapeutic monoclonal antibodies (mAbs) include glycosylation,
disulfide bond formation, and proteolytic cleavage of the protein backbone.
Downstream processing, formulation, and storage also may result in modifications
to the protein, and have been classified as chemical modifications in reference to
their non-enzymatic origin (e.g., oxidation, deamidation, glycation, pyroglutamate
[pyro-Glu] formation). The introduction of both classes of heterogeneity can
affect biological activity, half-life, and immunogenicity and therefore must be
comprehensively characterized in therapeutic protein development. For the sake
of clarity, “post-translational modification” will be used in the broadest sense for
the remainder of this chapter to encompass both types of modifications, a practice
that has become relatively commonplace in the biopharmaceutical industry.

Since the development of hybridoma technology in 1975 to produce mAbs
in cellular systems (6), mAbs have proven to be valuable for basic immunology
research, diagnostic testing, and therapeutic treatment (7–11). It was in 1986
that the first mAb, muronomab-CD3, was approved by the U.S. Food and Drug
Administration (FDA) for preventing transplant rejections (12). Since then,
many mAbs have been developed to treat a number of diseases, and these
biotherapeutics have come to represent a new and rapidly growing class of
drug with its own set of regulatory challenges. A unique regimen of analytical
characterization is required when filing for review of a new biotherapeutic protein
with the FDA. A critical portion of the submission package is a comprehensive
characterization of PTMs, which can be particularly challenging when dealing
with mAbs due to their complexity and bulky size. The rapid growth of the
biosimilar marketplace has accelerated structural characterization into an even
more central role. Biosimilars, also known as follow-on biologics, are “generic”
versions of marketed therapeutics that may be produced once the protection of
the original innovator patent expires. For over 25 years, protocols for accelerated
FDA approval of generic small-molecule drugs have been in place. These allow
for abbreviated review pathways, often lifting the requirement for clinical trials
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if the generic compound is demonstrated to be pharmaceutically equivalent
(with respect to active ingredient, purity, dosage, and administration route)
and bioequivalent (i.e., similar rate of uptake, metabolism, and localization)
(13) to the branded drug. Similarly, the Biologics Price Competition and
Innovation Act of 2009 (14) provides for an abbreviated licensure pathway for
biosimilars. However, due to the inherent variability of therapeutics produced
by biological systems, absolute identity between products is never achieved.
Instead, application sponsors are charged with demonstrating a high level of
similarity between the innovator and the follow-on to qualify for this shorter
approval process. Although small recombinant proteins such as insulin and
human growth hormone can be completely characterized to show equivalency
using conventional analytical procedures, therapeutic mAbs are much larger
and more structurally diverse due to modifications such as N-glycosylation.
This heterogeneity necessitates that more stringent criteria for the analytical and
biophysical characterization of mAb biosimilars be required to demonstrate the
level of structural variability (e.g., PTMs) that can be tolerated without inducing
clinically important outcomes, thereby falling under the umbrella of substantial
equivalence (15–17). In September 2013, the European Commission approved
its first biosimilar mAb, which is a lower-priced biosimilar version of Remicade®
(now produced and marketed by Johnson & Johnson and Merck & Co.) named
Inflectra™ (Hospira, Inc. and Celltion) (18). More recently, the FDA announced
its approval of the first mAb biosimilar in the U.S. market, Zarxio™ (Sandoz,
Inc.), which was deemed substantially equivalent to Amgen’s product Neupogen®
using the abbreviated licensure pathway (19). These follow-on products are likely
to pave the way for an increasing number of approved mAb biosimilars within
these markets.

In this chapter, we will briefly review analytical methods commonly used for
PTM characterization, with an emphasis on high-resolution mass spectrometry
(MS)-based techniques. The common PTMs encountered during therapeutic mAb
development will be discussed. In addition, the results from an interlaboratory
PTM Characterization of the NISTmAb will be presented to demonstrate state-of-
the-art peptide mapping while highlighting the subtle nuances of this approach. A
representative forced degradation analysis was also conducted to demonstrate its
utility in identifying sites prone to modification.

Methods for PTM Characterization

Global information on the PTMs present in intact mAbs is gained through
chromatographic or electrophoretic separation of mAb isoforms based on
physicochemical properties, such as size (size exclusion chromatography
[SEC] and capillary sodium dodecylsulfate electrophoresis [cSDS]) or charge
(cation exchange [CEX] and capillary isoelectric focusing [cIEF]) (Separation
chapter/Volume 2, Chapter 5). The resolved peaks can often be associated with
certain PTMs and provide information on the global presence and approximate
relative abundance of each in a given mAb preparation. For example, CEX and
cIEF separate intact mAbs based on charge, and chromatographically resolved
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acidic or basic proteoforms (relevant to the dominant species) often contain
higher levels of deamidated Asn and/or sialylated glycan variants than the major
species (20). Although these separation techniques are well established, they
can usually indicate the levels of only a few dominating modification forms,
with limited ability to provide detailed and site-specific PTM verification. This
drawback has promoted the use of MS-based methods for PTM characterization,
which provide an additional dimension of specificity through determination of
accurate mass. A variety of MS-based methods may be used to characterize
mAb PTMs, which include analysis of intact proteins and/or subunits (21, 22),
as demonstrated experimentally in the Primary Structure chapter/Volume 2,
Chapter 1, and bottom-up MS analysis of peptides following HPLC (Primary
Structure chapter/Volume 2, Chapter 1 and this chapter), capillary electrophoresis,
or ancillary separations (23, 24). Each of the methods discussed represent a
component of a comprehensive PTM characterization platform and can be used
in conjunction with other components for a high level of product understanding.
For example, chromatographically resolved intact proteoforms can be fraction
collected and further analyzed with orthogonal techniques such as MS. Separation
science assays are covered in detail in the Separation chapter/Volume 2, Chapter
5 of this book, therefore this chapter will focus primarily on characterization of
unfractionated samples, although the same methods are directly applicable to
fractionated species.

Intact Mass Analysis

Direct mass analysis of the intact mAb can be used to identify structural
variants or modifications that result in large mass shifts, such as glycosylation,
amino acid truncation, and glycation. The major advantages of this approach are
that the sample preparation is minimal and the data analysis is straightforward.
Alternatively, some protocols involve mass analysis after reducing the disulfide
bonds or performing limited digestion with enzymes such as pepsin, papain, or
IdeS (25). Sub-units resulting from these treatments are smaller in size, allowing
improved mass accuracy and resolution as well as sub-unit-specific localization of
PTMs. Matrix assisted laser desorption/ionization-time of flight (MALDI-TOF)
was the initial choice for intact mAb analysis because of its theoretically unlimited
mass range in linear mode (26). Insufficient resolution combined the batch-to-
batch heterogeneity of mAbs (27, 28), however, demonstrated the limited capacity
of MALDI-TOF to form the core approach in intact mass characterization.

Instruments with electrospray ionization (ESI) sources are currently preferred
for the majority of intact therapeutic mAb analyses. Electrospray analyses are
often coupled with liquid chromatography (LC), providing additional separation
before mass measurement. Characteristic charge distributions of proteins/subunits
are detected using high-resolution mass analyzers, and ultimately a zero-charge
spectrum can be produced (through deconvolution) to display the intact mass.
Among various mass analyzers, Fourier transform ion cyclotron resonance
(FTICR) MS provides the highest resolving power and mass accuracy for
characterization of biomolecules (29–31). Unit mass baseline resolution of
the isotopic distribution for an intact 147.7 kDa mAb has been achieved,
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albeit requiring preliminary sample preparation, including prior dissociation
of non-covalent adducts and extensive manipulation of acquisition parameters
to minimize space charge shifts, peak coalescence, and destructive ion cloud
Coulombic interactions (31). More routinely, intact protein measurements are
collected using ESI coupled with quadrupole time-of-flight (QTOF) or Orbitrap
mass spectrometers (32, 33). Intact and middle-down mass analysis of the
NISTmAb using Orbitrap and QTOF instruments are discussed in further detail
in the Primary Structure chapter/Volume 2, Chapter 1, wherein the NISTmAb
glycoforms, C-terminal Lys variants, and glycation heterogeneities were observed
within 50 ppm of their theoretical average masses.

Ion mobility mass spectrometry (IM-MS) uniquely provides additional
separation on the basis of collisional cross sections, structure, size, and charge,
which permits differentiation between isomers, conformers, isobaric species, and
native protein complexes (34–36). Notable application examples in the mAb field
include the characterization and monitoring of IgG4 Fab arm exchange (34), IgG2
disulfide structure isoforms (37), lot-to-lot heterogeneity in the N-glycosylation
profile (38), and the structure of immune complexes (39). A detailed discussion
of ion mobility analysis can be found in the Ion Mobility chapter/Volume 3,
Chapter 4 in this series.

MS-based approaches for analyzing intact and/or subunit-level species can
be very informative regarding the primary structure of a given protein, as well
as some of the microheterogeneity present. For example, the NISTmAb was
observed to have N- and C-terminal modifications, glycoform heterogeneity,
glycation, and even low levels of oxidation through combined intact and
middle-down analyses described in the Primary Structure chapter/Volume 2,
Chapter 1. However, localization of these PTMs to a specific amino acid residue,
a more detailed analysis regarding their relative quantities, and the investigation
of their propensity to increase in quantity (e.g., during processing, formulation,
and/or storage) are often examined further with bottom-up peptide mapping as
discussed in the current chapter.

Bottom-Up Approaches

The bottom-up approach for mAb characterization is typically referred to
as “peptide mapping,” which is essentially an liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method coupling ESI with any one of a
variety of instrument types (e.g., TOF [time-of-flight], ion trap, Orbitrap).
The process involves proteolytic digestion of the mAb (commonly with
trypsin), separation of the peptide mixture by chromatography, collection of
full MS spectra, fragmentation of selected peptides, and collection of resulting
MS/MS spectra. Peptide identification is accomplished by sequence database
searches using MS and MS/MS spectra. Peptide mapping is currently the
most sensitive and site-specific method used for PTM characterization, but the
method is complicated by the overwhelming amount of data analysis required
(Bioinformatics chapter/Volume 3, Chapter 7) and the potential for modifications
to be induced during sample preparation or by the analytical instruments used.
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Peptide mapping experiments used for the purposes of PTM characterization
and monitoring are carried out in the same general manner as those described
in the Primary Structure chapter/Volume 2, Chapter 1. In addition to providing
confirmation of the expected amino acid sequence, PTM peptide mapping is
intended to identify all alterations made to that sequence throughout the stages of
production, processing, formulation, and storage. PTM peptide mapping methods
must be capable of detecting and identifying low-abundance modifications, as
well as providing the means to measure their relative quantities and assess their
propensity to increase in abundance under various circumstances. Although many
PTMs may be easily evaluated using platform methods, some individual PTMs
may ultimately require that selective conditions (e.g., gradient, digest conditions,
MS settings) be optimized for adequate evaluation due to co-elution with another
peptide, poor ionization efficiency, and other analytical problems.

The ability to generate a high-quality, reproducible, and comprehensive
peptide map depends on multiple factors, including denaturing conditions, the
protease used, LC separation methods, MS instrument type and configuration,
fragmentation method, and data analysis software used for processing and
interpreting results. Optimizing each factor will best enable the detection of
low-abundance species with high confidence. Selecting an appropriate protease
can optimize peptide size and ionization efficiency, thereby enhancing sequence
coverage. Certain proteases also may be selected to identify specific PTMs.
For example, trypsin which cleaves after Arg and Lys residues will not cleave
after a glycated Lys, and therefore, alternative enzymes such as chymotrypsin,
Glu-C, or Asp-N may be needed. Choosing fragmentation methods appropriate
for the analytical goal (collision-induced dissociation [CID], higher energy
collision-induced dissociation [HCD] or electron transfer dissociation [ETD]) will
improve the quality of MS/MS spectra, making peptide identification and PTM
localization more reliable. For example, although CID is useful for obtaining
glycan composition information from a glycopeptide, ETD may be the method of
choice to generate fragments that can confirm the amino acid sequence as well as
the site of glycosylation (40, 41).

Peptide mapping is often performed with both UV and MS detectors for
visualization and quantification purposes; due to the differences in ionization
efficiency or extinction coefficients between modified and unmodified peptide
pairs, however, the PTM levels derived from MS and UV signals do not always
correlate. It should be noted that in the absence of an internal standard and a
calibration curve, these methods only provide relative quantitation (of PTM)
rather than absolute levels. Nevertheless, because peptide mapping can provide
very detailed sequence information, as well as site-specific PTM information, it is
still the top choice for PTM characterizations in therapeutic protein development.

Most Common PTMs in Monoclonal Antibodies

Although more than 500 kinds of PTMs have been discovered, only
a few dozen are commonly observed in mAbs, including—but not limited
to—glycosylation, C-terminal Lys clipping, N-terminal pyro-Glu formation,
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deamidation, oxidation, glycation, cysteinylation, trisulfide bonding,
hydroxylation, non-enzymatic fragmentation (clips), and isomerization. Though
a few PTMs exist as dominating forms (e.g., glycosylation, C-terminal Lys
clipping, N-terminal pyro-Glu formation), most other modifications present as
minor species in very low abundance, and therefore, it is a daunting challenge
to structurally characterize them. In this section we provide a brief review of
the origins, biological impacts, and analytical challenges for those PTMs most
commonly observed in mAbs. Table 1 lists the structures and mass shifts of the
PTMs to be discussed in this section.

Table 1. Post-Translational Modifications (PTMs) in
Monoclonal Antibodies (mAbs)

Continued on next page.
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Table 1. (Continued). Post-Translational Modifications (PTMs) in
Monoclonal Antibodies (mAbs)

Continued on next page.
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Table 1. (Continued). Post-Translational Modifications (PTMs) in
Monoclonal Antibodies (mAbs)

Glycosylation

Glycosylation is a major PTM affecting protein folding, conformation,
localization and activity, with sugar moieties ranging from simple
monosaccharides to complex branched polysaccharides (42, 43). Most
therapeutic mAbs have a single N-glycosylation site (e.g., heavy chain N300
in the case of NISTmAb), although some mAbs may have an additional Fab
glycosylation site. Glycosylation is known to affect complement activation;
antibody-dependent cell cytotoxicity; endocytosis of immune complexes leading
to antigen presentation; and inhibition of B lymphocytes, monocytes, and
basophils (43–46). Glycans are usually large (a few thousand Daltons) and
diverse (several dozen forms coexist), meaning that they are major contributors
to mAb heterogeneity. The most straightforward way to characterize glycans is to
measure the intact mass of the whole protein or a large part of the whole protein
(e.g., heavy chain only, Fc only). These intact and middle-down approaches can
yield an idea of the more dominant glycoform compositions, but they provide
little information on the inherent structure of this PTM. Analysis of glycosylation
during peptide mapping is used to identify the site of glycosylation as well as
the glycan compositions present at a given glycosylation site. Glycopeptides
of the same apopeptide typically elute in a narrow window during reversed
phase (RP) peptide mapping; MS can easily differentiate glycan compositions,
however, based on characteristic mass shifts. Table 1 depicts two representative
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structures, including a complex biantennary glycan (FA2G1) and a high mannose
glycan (Man5) along with the expected shifts in mass versus the aglycosylated
apopeptide. MS/MS fragmentation using CID can be used to gain additional
confidence in the glycan assignment, with fragmentation dominated by loss
of sequential monosaccharaide residues. Higher energy collision dissociation
(HCD) in the C-trap of an Orbitrap-type mass spectrometer or HCD in a sector or
TOF-TOF instrument is capable of producing greater levels of peptide backbone
fragmentation, allowing amino acid sequence information to be determined in the
form of b- and y-type ions in conjunction with glycan fragmentation. Electron
transfer dissociation also has proven useful in the analysis of glycopeptides,
wherein fragmentation occurs primarily through c- and z-type peptide fragments,
with the glycan remaining largely intact. Further evaluation of released and
derivatized glycans can provide an additional high level of structural detail. A
more thorough discussion of glycans and detailed techniques for their analysis
and quantification can be found in the Glycosylation chapter/Volume 2, Chapter 4.

Loss of Lysine on the Carboxyl Tail

C-terminal Lys variants are frequently observed in mammalian cell-derived
recombinant antibodies (they may not be observable in other host cell types
such as Escherichia coli [E. coli]). The C-terminal Lys is readily clipped
during the manufacturing process, likely due to proteolysis by endogenous
carboxypeptidase(s) during cell culture (47, 48). Trace element levels of metals,
specifically increased copper or decreased zinc, have been identified as major
factors contributing to increased levels of intact C-terminal Lys (48). Studies
have shown no effect of C-terminal Lys variation on antibody function, thus
it is not considered a critical quality attribute (49, 50). This variation adds to
mAb heterogeneity, however, so it is still an important factor to include in the
characterization parameters. Because Lys is readily charged, its loss results
in a decrease in positive charge that allows for resolution of the modified and
unmodified structures by charge-based separation techniques such as ion exchange
chromatography (IEX), isoelectric focusing (IEF), and cIEF. In addition, the −128
Da mass shift that occurs upon loss of this terminal residue also can be used to
detect and quantify modified versus unmodified forms through the application of
MS techniques, including peptide mapping and intact mass analyses.

Cyclization of Glutamine and Glutamate (Glutamic Acid)

N-terminal pyro-Glu is a cyclic product derived from the rearrangement of
Gln or Glu at the N-terminus of a mAb. The reaction can occur spontaneously or
be catalyzed enzymatically by glutaminyl cyclase (51–53). When this proceeds
spontaneously, the rate of cyclization is much faster with Gln than with Glu.
Strategies for cyclization of N-terminal Gln and Glu are often considered when
designing peptide therapeutics due to indications that this modification confers
increased stability upon peptides, particularly by protecting them from destruction
by peptidases (54, 55).
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Conversion from N-terminal Gln to pyro-Glu is usually near complete in
mAbs (> 95%), and it is known that the conversion occurs primarily inside
bioreactors with little contribution from downstream purification and analytical
processes. Cyclization that occurs in a bioreactor is more likely to be spontaneous
rather than enzyme catalyzed and can be accelerated by higher temperature as
well as cell culture media and buffers containing sodium phosphate or ammonium
carbonate, although the change in pH results in a minimal effect on the reaction
rate (51).

The rate of Glu to pyro-Glu conversion in vitro near physiological pH and
temperature is comparable to that in vivo (52), and pyro-Glu levels are shown to
increase with increasing temperature and exhibit pH dependence as well (56). One
study has measured faster conversion rates for native conformation of heavy chain
compared to the light chain. The rate of this process remained steady for the heavy
chain upon denaturation, whereas light chain Glu to pyro-Glu rates increased to
levels near that of the heavy chain. This indicates that Glu cyclization can be
affected by mAb structure (52).

The Gln conversion to pyro-Glu renders antibodies more acidic, whereas
the conversion of Glu to pyro-Glu results in a basic shift. In both cases, the
heterogeneity introduced is observable in charge-based assays such as CEX,
provided that mobile phase buffers are prepared at a suitable pH. As a result,
N-terminal pyro-Glu can be closely monitored during process control. Cyclization
of the N-terminus also is readily observable using MS-based peptide mapping
because the conversion of Gln or Glu to pyro-Glu results in a mass shift versus
the unmodified peptide of −17 or −18 Da, respectively.

Deamidation and Iso-Aspartate Formation

Deamidation of asparagines is commonly observed and has an important
role in regulating the heterogeneity and stability of recombinant mAbs (57–60).
Glutamines are also susceptible to deamidation but at a much lower rate unless
subjected to particularly harsh conditions such as extreme pH (61, 62). pH,
buffer type, and temperature are known factors that can affect the rate of Asn
deamidation (62, 63). Primary, secondary, and tertiary structures also are
determinants of deamidation, with the most rapid conversion rates occurring
when the residue C-terminal to the Asn is a Gly or Ser (64).

Native Asp itself can also undergo isomerization to form isoaspartic acid
(iso-Asp), and is another ubiquitous modification that can result in heterogeneity in
mAbs (65). The sequences most sensitive to isomerization include Asp-Gly, Asp-
Ser, and His-Asp (66, 67). Native Asp first converts to a cyclic imide intermediate,
and then either hydrolyzes back to Asp or isomerizes to iso-Asp. In addition,
Harris, et al., determined that isomerization of Asp 102 in a heavy chain CDR3
region of IgG1 Herceptin reduced its potency to 70%, causing serious implications
on drug efficacy (68). It is likely due to the fact that isomerization results in
insertion of an additional methylene group into the backbone, which can influence
protein stability and structure. A decrease of antigen binding of several antibodies
has also correlated with isomerization of Asp residues (69–72).
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Product heterogeneity caused by uncontrolled degradation via deamidation
and isomerization can complicate manufacturing consistency. Liu et al. recently
reviewed sources of molecular heterogeneities often exhibited by mAbs, including
deamidation and isomerization (73). Deamidation and isomerization can occur
at different stages of the mAb production process and are one of the major
degradation reactions that occur during long-term storage. Physical and chemical
stresses generated during manufacturing and storage conditions can compromise
the stability of biotherapeutic products. In this regard, formulation strategies
aimed at minimizing these effects and assuring appropriate shelf-life of a drug
product must be carefully evaluated (74).

Deamidation can be either acid or base catalyzed (63, 75, 76). Under mildly
acidic conditions, it involves direct hydrolysis of Asn to produce mainly Asp.
At neutral to basic pH, Asn deamidation is believed to proceed through the
formation of a metastable cyclic-imide intermediate (succinimide [Asu]) as the
result of nucleophilic attack of the carbonyl Asn side-chain by an amide nitrogen
C-terminal to Asn. Succinimide formation is followed by its rapid hydrolysis and
the formation of α- (Asp) and β- (iso-Asp) aspartates at an approximately 1:3
molar ratio (63, 77). The rate of succinimide formation is dependent on protein
sequence as well as secondary and tertiary structures (78–81). Steric effects of
the N+1 residue and conformational restrictions reduce nucleophilic reactivity
of the backbone NH centers and, thus, reduce the rate of succinimide formation.
Generally, amino acid motifs where the N+1 residue is Gly, Ser, and Asn are the
most susceptible to deamidation in mAbs (59, 79, 81–84). Although the majority
of iso-Asp formation in a mAb was related to the deamidation of Asn, especially
in flexible regions of a molecule (85), the importance of aspartate isomerization
on product quality should not be underestimated. Susceptibility of the Asp-Gly
sequence to isomerization has been demonstrated as a pH-dependent reaction (77,
86). Further, studies on an IgE have indicated a reduction in binding affinity due
to isomerization of an Asp residue in the complementarity-determining region
(CDR) of the antibody (69).

Deamidation and isomerization are often a quality-defining attribute of
biotherapeutic products, and several analytical techniques may be used to monitor
these processes. IEX and IEF have been successfully applied to study the charge
microheterogeneity caused by deamidation at the intact level (67, 68). Separation
of intact mAbs from their aspartate isomerization products has been achieved
using hydrophobic interaction chromatography (HIC) (71). LC-MS/MS peptide
maps are routinely used for identification and quantification of deamidation and
isomerization products, including the succinimide intermediate.

Edman sequencing can be exploited to distinguish Asp from iso-Asp at the
peptide level because the methylene incorporated into the peptide backbone during
isomerization prevents cyclization of the phenylthiocarbamyl peptide to form the
necessary anilinothiazolone derivative, thus the presence of iso-Asp will terminate
the degradation reaction (87). Iso-Asp can also be isotopically labeled, and thus
distinguished from Asp, by reaction with protein L-isoaspartyl methyltransferace
(PIMT) in the presence of S-adenosyl-L-[methyl-3H]methionine (88, 89). The
enzymatic addition of a methyl group to an iso-Asp residue not only results in
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a differentially labeled peptide, but increases its hydrophobicity and alters its
retention time.

It should be noted that deamidation is one of the most challenging PTMs
to characterize using MS-based techniques. Deamidation results in conversion
of –NH2 to –OH (+0.984 Da), which has a very similar mass shift as the first
13C isotope peak of the native peptide (+1.0034 Da). Mass spectral resolution
of the deamidated monoisotopic peak from a native peptide cannot be achieved
unless the mass spectrometer has ultra-high resolving power (> 0.5 million),
far exceeding the range of the widely used TOF or Orbitrap instruments. The
isomerization of Asp to iso-Asp demands more complicated analysis due
to their isobaric nature and lack of abundant and uniquely identifying MS2
fragment ions. It was shown that intensity ratios of complimentary b and y
ions exhibit characteristic shift due to the presence of iso-Asp (90), however,
this method requires use of standards. Recently Cournoyer et al. (91–93) and
O’Connor et al. (94) applied respectively electron capture dissociation (ECD)
and ETD fragmentation to identification of aspartate isomerization. Presence
of iso-aspartate resulted in cleavage along the Cα-Cβ backbone of the iso-Asp
and the formation of characteristic (c+58) and (z−57) complimentary ions,
which allowed differentiation of the two isoforms of aspartate. Nevertheless,
interpretation of these spectra is rather complex and thus not amenable to
high-throughput analyses. Ultimately, most researchers rely on retention time
shifts in RP chromatography to differentiate these modified residues, which
highlights the importance of chromatographic separation for resolution of these
isomers. In RP chromatography, two deamidation peaks, Asp and iso-Asp,
usually elute in a narrow retention time window along with the native peak. The
elution order varies depending on peptide sequence, column, and ion-pairing
modifier, but typically peptides containing iso-Asp elute earlier, followed by
the native Asn peptide, and finally the peptide bearing Asp. When multiple
asparagines are present in a single peptide, the peak assignment can be more
complicated. This is readily apparent in the extracted ion chromatogram (XIC)
of the m/z corresponding to native (top) and deamidated (bottom) H(374-395)
peptide, GFYPSDIAVEWESNGQPENNYK (a.k.a. “pennyK peptide”), of the
NISTmAb heavy chain (Figure 1). Peak assignments are based on literature
and experience (95, 96). Five individual deamidation products are observed,
two of which co-elute with the native peptide and would therefore result in an
overestimate of native peptide in a typical sample.

Deamidation is a spontaneous process which can be promoted at the peptide
level by basic pH during enzymatic digestion, masking true degradation of the
intact protein. One strategy to differentiate “naturally” occurring degradation
from artificially induced modification during sample preparation has been
recently developed (59, 81, 97, 98). Here, deamidation products native to the
intact protein were discriminated from method-related deamidation by inducing
hydrolysis of succinimide moieties on an intact mAb in the presence of H218O
prior to performing tryptic digestion in H216O (81). The 2 Da shift between native
and artificial deamidated residues were subsequently identified using LC-MS/MS
techniques.
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Figure 1. Deamidation of GFYPSDIAVEWESNGQPENNYK peptide in NISTmAb
heavy chain Fc region. Top: extracted ion chromatogram (XIC) of peptide

GFYPSDIAVEWESNGQPENNYK (native peptide); Bottom: XIC of deamidation
products and assignments. All peptides eluted within about a 2.5 minute window.

Oxidation

Proteins in biological systems are known to be one of the major targets
of endogenously generated reactive oxygen species. Radicals and non-radical
oxidants can be generated by a wide variety of different cellular processes
(99–102) as well as exogenous agents, including radiation (X-ray, γ, UV light,
visible light in the presence of a sensitizer), metal ions, and solvents (103–107).
Exposure of proteins to attack by free radicals in the presence of oxygen can
result in the oxidation of amino acid side-chain groups, peptide backbone
fragmentation, protein cross-linking, unfolding, changes in hydrophobicity and/or
conformation, and altered susceptibility to proteolytic enzymes (103, 108, 109).
The complexity of the chemical pathways involved in amino acid oxidation has
been well-described (105, 110). Although all amino acids can undergo oxidation
to some degree under certain conditions, those most susceptible to oxidation are
the sulfur-containing residues (Cys, Met), the aromatics (Phe, Trp, Tyr), and
His. The rate at which this occurs in proteins for any given residue can differ
widely depending on the properties of the individual amino acid and neighboring
residues, the source of oxidative stress, and environmental parameters such as
temperature or pH (103, 105, 106, 111). For example, Met oxidation is favored by
peroxides under acidic conditions, whereas cysteines will oxidize more readily via
hydrogen peroxide (H2O2) with increased pH (112). His typically requires metals
such as Cu(II) for oxidation to proceed via H2O2, or alternatively, Cu(II) may be
used in the presence of an ascorbate sensitizer to initiate His oxidation (113–116).

132

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
3

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1201.ch003&iName=master.img-003.jpg&w=323&h=197


His oxidation also was recently demonstrated in a mAb upon treatment with a
light stress platform (2000 lux (D65 illuminant)/25 °C for 25 days) (117). It was
hypothesized that the oxidation pathway was initiated by singlet oxygen (1O2)
generated from dissolved oxygen upon UV/Vis irradiation (117).

The most commonly oxidized amino acids in biopharmaceuticals are Cys
(discussed later in regard to disulfide bonds) and Met, though some Trp and His
oxidation products also have been observed. Oxidation of biotherapeutic proteins
can alter their physical and biological properties, affecting their potency and
stability characteristics (118–120). In the case of human IgG1, two Met residues
localized to the CH2 and CH3 domains of the Fc region (corresponding to M255
and M431 in the NISTmAb heavy chain) are known to be highly susceptible
to oxidation (121–123). Increased aggregation, shifts in melting temperature,
increased deamidation rates, and conformational changes have been observed
upon oxidation of these residues and highlight the impact of this modification
on IgG structure as well as physical and covalent stability (124). Moreover,
chemically induced Met oxidation has been demonstrated to decrease the binding
affinity of an IgG1 and IgG2 to the neonatal Fc receptor (FcRn) (125, 126) and
significantly reduce the serum circulation half-life of IgG1 (127).

The susceptibility of Met residues to oxidation is routinely probed during
formulation development by incubation of a mAb in the presence of H2O2 or
tert-butyl hydroperoxide (t-BHP) (121, 123, 128). The use of one oxidizing
agent versus another is not a trivial choice and is considered with the end
goal in mind because their unique specificities will produce differing results.
Although both reagents tend to specifically oxidize Met, H2O2 more readily
oxidizes less accessible, buried residues, whereas t-BHP is known to target
more surface-exposed Met (123, 129, 130). Thus, multiple methods are often
recommended to fully evaluate oxidation susceptibilities under various conditions
and different exposure types. Following treatment with an oxidizing agent, those
Met residues prone to oxidation are determined, the effect of this change on
potency and other pharmacological properties of the mAb are evaluated, and
strategies are developed to prevent oxidation at these residues.

Oxidized peptides are easily identified using MS since the addition of one
oxygen atom to the Met side-chain upon conversion to Met sulfoxide increases
the mass of the affected residue by +16 Da (131), and under harsh conditions,
the addition of two oxygen atoms will form Met sulfone (+32 Da) (103). At the
MS/MS level, Met sulfoxide-containing peptides readily lose methane sulfenic
acid (CH3SOH) upon CID fragmentation and are thus easily identified by a
characteristic loss of 64 Da from the parent mass (132). Although this neutral
loss fragment is diagnostic for the presence of Met sulfoxide versus an isobaric
Phe residue, it is often the largest ion observed in the MS/MS spectrum. The
corresponding lack of peptide backbone fragmentation can impede confirmation
of the peptide sequence and also prevent unambiguous assignment of oxidation
to a specific residue. This phenomenon can be avoided by fully oxidizing Met
sulfoxide to Met sulfone with performic acid (133) because Met sulfone is not
subject to neutral loss. However, this additional oxidation step can be avoided
by using ETD or ECD to fragment Met sulfoxide peptides along the backbone
without the 64 Da neutral loss (134).
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Oxidation of Trp residues in biotherapeutics occurs less often than with Met
and usually requires different types of oxidizing conditions, such as elevated
temperature (135), UV/Vis light (136) or the presence or in situ generation of free
radicals (137) to become significant. Even excipients such as polysorbates can
become a source of oxidative stress if they undergo autoxidation to form peroxides
or free radicals (138–140). One pertinent study showed that alkyl peroxyl radicals
generated by the autoxidation of polysorbate 20 (PS20) during storage at room
temperature or by increased PS20 levels in the formulation were responsible for
the Trp oxidation observed in a recombinant humanized Fab fragment and was
facilitated by the metal-binding properties of a neighboring His residue (141).
This effect was specific to the mechanism of oxidation because oxidation via
hydroxyl radicals was not observed when the Fab was exposed to H2O2 or t-BHP.

Characterization of Trp oxidation is analytically challenging because
multiple oxidation products usually coexist, such as kynurenine (Kyn)
(+4 Da), 5-hydroxyl-tryptophan (5-OH-Trp) (+16 Da), oxindolylalanine
diastereomomers (Oia) (+16 Da), 3-hydroxykynurenine (3-OH-Kyn) (+20 Da),
N-formylkynurenine (NFK) (+32 Da); dioxindolylalanine diastereomers (DiOia)
(+32 Da); dihydroxytryptophan (+32 Da) hydroxy-N-formylkynurenine (+48 Da)
and dihydroxy-N-formylkynurenine (+64Da) (142–144). Alternatively, the indole
ring of Trp can undergo oxidation via loss of two hydrogen atoms, generating
species with −2 Da (didehydro-tryptophan) (145) or +14 Da (oxolactone) mass
shifts (146). Thus, a comprehensive understanding of the Trp reaction pathway
is essential for the characterization of peptides with modified Trp residues (144,
146).

As with Met oxidation, it is important to understand the potential for Trp
oxidation in mAbs because the effects can be rather dramatic. A key study has
shown that oxidation of a single Trp residue in the CDR3 region of a humanized
mAb was achieved by UV irradiation or chemical modification via ozone
exposure. The resulting ligand binding affinity of the antibody was decreased to
28% of control values, and its potency was measured at 26% of the control after a
seven day exposure (147). One strategy commonly used to induce Trp oxidation
for subsequent study includes metal-catalyzed oxidation, typically using Fe(II) in
the presence of H2O2, or by using 2,2′-azobis(2-amidinopropane) dihydrochloride
(AAPH) (128).

Extreme levels of Trp oxidation can be visualized via changes in solution
color. A predominance of NFK and OH-Trp degradation products is indicated by
a yellow color, whereas brown reveals the presence of Kyn (145, 148). Of course,
more subtle changes in oxidation levels can be detected by analytical methods
more sensitive than the eye. Changes in UV/Vis absorption or fluorescence
between oxidized and unmodified proteins or peptides are often used as indicators
of the presence of Trp oxidation (143, 145, 149), and the separation of Trp
oxidized peptides using various chromatographic platforms will result in shifts
in retention time as compared to unmodified proteins or peptides (135, 150).
However, MS analysis is necessary to identify particular oxidation products
or to assign them to a specific Trp residue (145, 149, 151). The mass shifts
detailed earlier are easily detected in the parent mass of oxidized peptide ions to
identify Trp degradants, whereas isobaric species (e.g., 5-OH-Trp, Oia) can be
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distinguished from one another by immonium ions as well as v- and w-series ions
resulting from high-energy CID fragmentation (152–154).

Oxidation can happen at nearly all stages of mAb development, such as
during cell culture, purification, storage, or even in the process of analytical
assays (e.g., in-source oxidation in mass spectrometer ESI sources, on-column
during chromatographic separation) (144, 146, 155). Typically, Met and Trp are
among the most closely tracked residues. To minimize the extent of oxidation,
special attention should be paid to limit exposure to heat, light, and other oxidative
stressors during production, storage, and transportation.

Glycation

Glycation refers to the non-enzymatic addition of a monosaccharide to
an amino acid residue via the Maillard reaction (156). This occurs when an
unstable Schiff base intermediate is formed via condensation of a reducing sugar
carbonyl group with a free amine group (e.g., protein N-terminus, ε-amino group
of Lys or Arg) and then rearranges to form a ketoamine derivative known as
an Amadori product (157–172). The most prominent glycation product found
in recombinant mAbs tends to be the Amadori product Nε fructosyl-Lys, which
arises from glycation of a Lys residue and is thus the main focus of PTM studies
for biotherapeutic antibodies (173–175).

The main source of this commonly observed PTM in biopharmaceutical
production is the reducing sugars included in cell media (e.g. glucose, galactose)
(157, 174, 176). The extent of glycation on an antibody can be controlled to
some degree by glucose feed strategies as well as through engineering, such as
exchanging a Lys for an Arg when possible (157, 165, 174, 177, 178). Glycation
appears to have little to no effect on properties such as mAb target binding, in vitro
potency or FcRn binding (173, 174, 179), but remains a PTM of interest because
it introduces heterogeneity into the sample, particularly in regard to the charge
profile (165, 173, 174), such that filing regulations necessitate characterization of
the PTM (180).

Unlike the enzymatic addition of N-glycan structures to an Asn residue, a
consensus sequence of amino acids is not required for glycation; thus in theory,
any otherwise unmodified Lys is susceptible to this PTM. However, the rate of
individual modification varies depending on local sequence (e.g., proximity to His
or Asp) and higher order structure (e.g., surface exposure) (157–160, 181–184).

Separations of glycated species can be performed using a number of different
methods. Because Lys glycation results in loss of a positive charge, the resulting
charge difference can be exploited to separate glycated mAb from unglycated
mAb using capillary electrophoretic techniques or IEX (185). Boronate affinity
chromatography has also been used for separation and analysis of glycated intact
mAbs and peptides (157, 160, 174, 186, 187).

The conversion of Lys to Nε fructosyl-Lys is readily detected using MS
techniques due to the characteristic +162 Da shift in mass. Although this can be
measured using intact or subunit analysis if the modified species is sufficiently
abundant, this mass shift also can arise from heterogeneity in the number of
hexose residues comprising the population of N-glycans conjugated to the mAb
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(e.g., F1A1G2 has a +162 Da mass shift compared to F1A1G1). However, Lys
glycation can be confirmed at the intact or subunit analysis level if a +162 Da
species remains after treatment of the sample with PNGase F to remove N-linked
glycans (165, 175). Of course, to assign the glycation moieties to specific Lys
residues, bottom-up methods must be used. In the case of a +324 Da shift, the
increased mass could indicate two glycations on the same IgG molecule or could
be attributed to retention of a Val-His-Ser sequence (+323.15935 Da) at the
N-terminus of either antibody chain if non-specific cleavage of the signal peptide
occurs during cellular processing (157, 188).

Typically, individual glycated peptides have low abundance, which can make
them difficult to detect as well as quantify. In addition, CID fragmentation of a
glycated peptide often produces only minimal peptide backbone fragmentation
(Figure 2). Instead, a number of water losses and characteristic ions formed by
intramolecular rearrangement of the glucose moiety (−54.031 Da and −84.042
Da) tend to dominate the spectra (189). The corresponding lack of y- and b-ions
also can hinder detection by software algorithms if these fragments are not intense
enough or do not provide enough coverage of the predicted ion series to pass
statistical filters. Some studies have addressed this issue by using neutral losses
of H2O to trigger MS3 or multistage activation events to obtain more complete ion
series information upon compilation of the resulting spectra (190). Alternatively,
derivatization with sodium borohydride and phenylboronic acid has been used to
stabilize the sugar moiety, which not only improves y- and b-ion fragmentation
but also causes a shift in RP-HPLC retention time to aid in the detection of
glycated peptides in the peptide map (176, 179, 191). The challenge of generating
informative ion series fragmentation in MS/MS also can be overcome using
alternate fragmentation methods such as ETD, which produces sufficiently
informative c- and z-ions for peptide identification (186, 187, 192, 193), or HCD,
which generates spectra including both the neutral loss ions characteristic of the
sugar adduct as well as a portion of predicted y- and b-ions.

The presence of glycation prevents trypsin and Lys-C cleavage at the
C-terminus of the modified residue (184, 185, 194). Thus, if peptide maps of
glycated and unglycated samples are compared, a new peak will typically appear
to indicate the presence of the glycated missed cleavage peptide. Although
digestion with these enzymes may be useful for easily visualizing glycated
peptides, they are not the enzymes of choice for quantitation of this PTM.
Because the modified peptide comprises a missed cleavage and the unmodified
species represents only one-half of that peptide, a comparison is essentially
being made between two different peptides. To attempt quantitation of glycated
and unglycated peptides, the first decision to make would be which of the two
unmodified peptide halves that comprise the modified peptide should be used for
the calculation. Some methods suggest that the XIC should be generated using the
longer of the two peptides (195), although it also could be argued that the cleaved
peptide half containing the residue that is modified in its counterpart should be
included. One study quantified relative glycation abundance by dividing the XIC
of the glycated peptide by the sum of XICs of the two halves of the unmodified,
fully tryptic peptides (173). Regardless, it is almost certain that the longer,
modified peptide and the shorter, unmodified peptide components have different
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ionization efficiencies, and it is difficult to predict how reliable the comparison
between the two abundances would be. Fortunately, with the availability of
alternate enzymes such as chymotrypsin or Glu-C, modified and unmodified
peptides of the same sequence can be generated and used for better quantitative
outcomes (168, 179, 196). Methods involving forced glycation with isotopically
labeled reducing sugars have also been developed for quantitation of this PTM
(175, 197).

Figure 2. Collision-induced dissociation (CID) spectra of glycated and
unglycated peptides. (A) Fragmentation of the NISTmAb glycated peptide L
(29–44) (VGYMHWYQQKPGKAPK) results in preferential cleavage of the
hexose moiety over the peptide backbone, with characteristic product ions
representing sequential losses of water from the adduct as well as a −84 Da
(−3H2O-HCHO) neutral loss resulting from intramolecular rearrangement of
the hexose moiety. Low levels of peptide backbone fragmentation include the
b10+2 ion at m/z 661.24, indicating that K38 is unmodified, thus suggesting
that the modification is localized to K41. (B) Nearly complete y- and b-ion
series are generated by CID fragmentation of the unglycated peptide. The

parent ion selected for fragmentation in panel A is the quadruply charged, first
monoisotopic peak at m/z 521.0104; the parent ion fragmented in panel B is
the doubly charged peak at m/z 959.4888. Subscripts in the peptide sequence

indicate the position of Lys residues within the light chain sequence.

Variants Involving Cysteines

Knowledge of disulfide bond structures characterized decades ago for
immunoglobulins has been augmented by the more recent identification of free
sulfhydryls, cysteinylation, thioether formation, and trisulfide bonds. A disulfide
bond can undergo reversible β-elimination to initially form one dehydroalanine
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and one persulfide on constituent chains. Continued degradation of the persulfide
converts into a Cys residue (free sulfhydryl) representing a point of no return for
the native disulfide. At this stage, the original dehydroalanine may react with the
newly formed free sulfhydryl to form a non-reducible thioether bond (198). Free
sulfhydryls may alternatively become covalently modified by a free Cys in the
solution, which is referred as “cysteinylation” (199, 200), or undergo a second
round of β-elimination to form a second dehydroalanine. Subsequent hydrolysis
of dehydroalanine residues may contribute substantially to fragmentation of the
antibody hinge region to produce Fab and Fab-Fc components and is accelerated
by heat and increasing alkaline pH (37, 201–203). The effects of fragmentation
induced by these Cys modifications on the biological activity of mAbs have yet
to be elucidated; it stands to reason that the Fab fragment alone will not have
Fc-mediated effector properties, however, whereas the Fab-Fc component may
display at least some decrease in potency (204). Although these detrimental Cys
modifications were not detected in this study, typical disulfide bonding of the
NISTmAb was addressed in the Primary Structure chapter/Volume 2, Chapter 1.

Trisulfide bonding is a modification formed by insertion of a sulfur atom into
an existing disulfide bond. Though seldom affecting mAb functions, trisulfides
are commonly observed in all IgG subtypes and predominantly found in the
linkages between heavy-heavy chains and heavy-light chains (205). The level
can reach as high as 39%. The generation of trisulfides is correlated with Cys
levels in cell culture media because Cys can contribute to the production of
hydrogen sulfide, which then reacts with mAbs. Optimizing Cys feed strategies
can minimize these trisulfide variants, eventually leading to lower heterogeneity
for the target molecule (206). In the current study, trisulfides were not observed
in the NISTmAb.

Fragmentation of Intact mAb

Clipping, also known as protein fragmentation, is a non-enzymatic
degradation pathway through which peptide bonds are cleaved via specific
mechanisms (204). Although essentially all of the peptide bonds in the product
can be degraded, rates vary over several orders of magnitude. It was reported
that specific residue pairs in mAbs are especially prone to peptide bond cleavage,
including Asp followed by Gly, Ser, Val, Tyr, Phe, Pro, Asn, Leu, Asp, or Lys;
Pro or Gly followed by Asp; Gly followed by Gly, Ala, Leu, or Val; Ala, Leu,
or Ser followed by Gly; Gly followed by Tyr; Gly, Ala, or Leu followed by Ser;
Cys followed by Cys; and Asn followed by Ser, Val, Leu, or Pro. (204). The
cleavage rates are sequence-, pH-, and temperature-dependent (207). A frequently
observed and monitored attribute is Asp-Pro cleavage, which tends to accelerate
at acidic pH. cSDS is a frequently used technique to detect and monitor protein
clips. Intact/reduced mass analysis (by LC/MS as well as MALDI-TOF) also can
provide very useful information on the presence of large fragments resulting from
Asp-Pro clipping.
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Hydroxylation

Hydroxylation products initially detected in collagen, including
hydroxyprolines and hydroxylysines, also can be detected in mAbs but at more
reduced levels. Although the +16 Da mass shift is the same as for oxidation, all
hydroxylation reactions are enzyme-catalyzed by prolyl or lysyl hydroxylases
in the lumen of the endoplasmic reticulum following protein synthesis. These
modification levels therefore can only be manipulated in clone selection and at
the cell culture stage. Downstream processes such as purification or storage may
not affect hydroxylation levels (208, 209). Although little is known about the
effect of hydroxylation on mAb immunogenicity and potency, unusually high
hydroxylation levels should be avoided, especially for those residues in the CDR
regions. It should be noted that hydroxylation was not observed in the NISTmAb
in this study, and is therefore not included in the interlaboratory discussion below.

Interlaboratory PTM Characterization Using Peptide Mapping

The summary above clearly demonstrates that mAbs typically contain
various PTMs that can contribute to heterogeneity and potentially affect drug
efficacy, safety, and clearance rates. It is of paramount importance to characterize,
and inevitably ensure consistent PTM levels. This is especially true when
these modifications occur in regions that are involved in mechanism of action
(e.g., CDRs that recognize and bind antigens, Fc gamma receptor binding sites
involved in antibody-dependent cellular cytotoxicity [ADCC], C1q binding sites
involved in complement-dependent cytotoxicity [CDC]). To ensure product
quality, detrimental modifications must be closely tracked and monitored during
process development, manufacturing, transportation, and storage (182).

Purpose of This Study

To demonstrate the use of peptide mapping for detection and determination of
PTM levels present in a mAb, several laboratories collaborated to perform trypsin
peptide mapping on the NISTmAb. Peptide mapping is a routine assay that every
biopharmaceutical laboratory is capable of performing; however, a variety of steps
in sample processing, instrumental analysis, and data interpretation exist. In an
effort to gain a broad representation of peptidemapping practices currently utilized
in the biopharmaceutical industry, participating laboratories were asked to analyze
the samples according to their routine analytical work flows without specification
of a uniform method. The interlaboratory comparison was therefore intended to:

1. Evaluate interlaboratory PTM identifications and quantifications in the
absence of a predefined protocol to gain insight into the capabilities of
current analytical techniques.

2. Highlight perturbations and variances in peptide mapping techniques that
may affect results, such as differences in sample handling, instruments
and software platforms.
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3. Demonstrate the power of peptide mapping for PTM characterization and
the factors to consider when interpreting data.

4. Use the results to identify areas in which additional, targeted
interlaboratory studies may be used to further elucidate best practices
and selectively evaluate the aspects leading to variability.

Samples and Experimental Conditions

Our interlaboratory PTM characterization study was based on the NIST
reference mAb (control). Each laboratory performed peptide mapping and PTM
identification/quantification studies using their individual platform methods and
returned their results for comparison with the other laboratories. Because the
main focus was to evaluate the comparability of results between, rather than
within, laboratories, replicates were not required. However, Lab 3 generated
triplicate analyses from separate tryptic digests performed with the same protocol
as an intra-laboratory metric against which we could evaluate the interlaboratory
results.

It should be highlighted that no uniform peptide mapping protocol was
provided for this study. As a result, although all of the distributed samples were
subjected to reduction, alkylation, trypsin digestion, LC-MS/MS analysis, and
database search processes, significant differences in method details were used
by each laboratory. It is well known that sample preparation can contribute to
oxidation, deamidation, and other PTM artifacts. Therefore, the differences in
methods utilized in this study are important factors to consider in order to achieve
a meaningful interpretation of the results. Summaries of the peptide mapping
protocols and instrumental parameters employed by each laboratory are given in
Table 2 and Table 3. Lab # designations were randomly assigned.

Table 2. Sample Preparation and Digestion Details

Lab 1 Lab 2 Lab 3

Denaturation and Reduction

Denaturation and Reduction

Approximately 0.1
mg of the mAb was

buffer-exchanged to 6mol/L
guanidine HCl, 250 mmol/L
Tris and 1 mmol/L EDTA
at pH 7.5 (pH adjusted

with NaOH) using Bio-spin
P6 columns (Bio-Rad)

according to manufacturer’s
specifications.

500 µg of the mAb
was denatured with 7.5
mol/L guanidine HCl,
250 mmol/L Tris and 1
mmol/L EDTA at pH 7.5.
Total volume 500 µL.

Approximately 0.1 mg of
mAb sample was mixed
with 300 µL of 8 mol/L
guanidine HCl with 4
mmol/L EDTA prepared
in pH 8.0, 1X DPBS.

Continued on next page.
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Table 2. (Continued). Sample Preparation and Digestion Details

Lab 1 Lab 2 Lab 3

2.0 µL of 500 mmol/L
DTT was added for a final
DTT concentration of 9.8
mmol/L. The sample was
reduced at 37 °C for 30 min.

3 µL of 500 mmol/L DTT
was added The sample
was reduced at room
temperature for 30 min.

Sample was reduced at 37
°C for 60 min after adding
10 µL of 1.0 mol/L DTT for
a final DTT concentration

of 24 mmol/L.

Alkylation (Cysteine Capping)

4.8 µL of 500 mmol/L IAM
was added for a final IAM
concentration of 22mmol/L.
Alkylation proceeded in the
dark for 30 min at room
temperature. The reaction
was quenched with 2 µL
of 500 mmol/L DTT.

The sample was alkylated
with the addition of
7 µL of 500 mmol/L

IAM for 15 min at room
temperature in the dark.

Sample was alkylated by
adding 24 µL of 1 mol/L
IAM (final concentration
of 55 mmol/L) and
incubating for 60 min
at room temperature in
the dark. The reaction

was quenched with 15 µL
of 1 mol/L DTT.

Buffer Exchange

The sample was buffer
exchanged at room

temperature into freshly
prepared digestion buffer
containing 2 mol/L urea
in 100 mmol/L Tris, pH
7.8 (pH adjusted with
NaOH) using Bio-spin
P6 columns (Bio-Rad)

according to manufacturer’s
specifications. Digestion
buffer was added for a
final IgG concentration

of 1.42 µg/µL.

The sample was buffer
exchanged at room

temperature into freshly
prepared digestion buffer
containing 50 mmol/L

Tris, pH 7.5 using NAP-5
columns according
to manufacturer’s

specifications. Final mAb
concentration ~ 0.8 µg/µL.

The sample was buffer
exchanged into 50 mmol/L
Tris, 1 mmol/L CaCl2,
pH 8.0 using a Zeba spin

desalting column.

Enzyme Digestion (Trypsin)

Sequencing grade modified
trypsin (Promega Gold)

was prepared in 0.05 mol/L
acetic acid at a concentration
of 1.0 µg/µL. 2 µL (2ug)
trypsin was added to a 50
µL (70 µg) aliquot of the
reduced and alkylated IgG
(enzyme to protein ratio
= 1:35 [w/w]). Digestion
proceeded using the CEM
Discover (model 908005)
microwave hydrolysis
system for 30 min at
50 °C, 50 W power,
with 4 temp of 5 °C,

high-speed stirring, cooling

The sample was digested
with Roche sequencing
grade trypsin (dissolved
in water) added at a 1:20
enzyme to protein ratio
at 37 °C for 30 min. 10
µL of TFA (30% v/v)
was added to quench the

trypsin reaction.

To each sample, 1 µL
of 1mg/mL Promega

sequencing grade modified
trypsin in 50 mmol/L acetic
acid was added. Digestion
was allowed to proceed
for 2 hours at 37 °C. 0.5
µL of TFA per 50 µL of
sample was used to quench

the trypsin reaction.

Continued on next page.
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Table 2. (Continued). Sample Preparation and Digestion Details

Lab 1 Lab 2 Lab 3
on, and in SPS mode. The
tryptic digest was dried to
completion using vacuum
centrifugation, then stored
overnight at —20 °C. Dried
samples were resuspended
in 142.8 µL of 0.1% TFA
for a final concentration

of 0.5 µg/mL.

DTT = dithothreitol, DPBS = Dubelco’s Phosphate Buffered Saline obtained
from Life Technologies, EDTA = ethylenediaminetetraacetic acid, iodoacetamide
= IAM, mAb = monoclonal antibody, TFA = trifluoroacetic acid, Tris =
tris(hydroxymethyl)aminomethane.

Table 3. Liquid Chromatography-Mass Spectrometry (LC-MS) Analysis
and Database Searching Details

Continued on next page.
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Table 3. (Continued). Liquid Chromatography-Mass Spectrometry
(LC-MS) Analysis and Database Searching Details

Continued on next page.

143

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
3

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1201.ch003&iName=master.img-006.png&w=278&h=484


Table 3. (Continued). Liquid Chromatography-Mass Spectrometry
(LC-MS) Analysis and Database Searching Details

PTMs identified in the NISTmAb (control sample) are presented in the
“PTMs identified in NIST reference mAb” section, with direct comparison of
quantified levels from the three laboratories. Peptides were identified based on
precursor mass and MS/MS, and quantified through XIC peak area measurement,
as described in Table 3.

Quantification Strategies

Because this study reports all quantitative PTM levels as percentages, it
is important to understand the basis for percentage calculation and clarify how
these quantifications are performed in each laboratory. As a typical practice,
peptide mapping in the biopharmaceutical industry during characterization stages
is performed with both UV and MS-based detection. Quantification of individual
peptides by UV analysis can be complicated by the presence of co-eluting
peptides. Figure 3 illustrates the differences in quantitative outcomes that are
often observed between UV and XIC quantitation methods. Upon treatment with
H2O2 for 4 hr at 37 °C, M431, located in NISTmAb peptide H(420-442), was
found to have high levels of oxidation as compared to the control (see section
below). As shown in Figure 3, the relative levels of oxidation were quantified by
calculating the area under the curve (AUC) for peaks generated from summed
charge state monoisotopic parent ion XICs (Figure 3A) as well as their UV signal
(Figure 3B). Relative abundance of the modification of interest is calculated as:
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where AUC of total peptides = all modified forms + unmodified form.
Quantitation by XIC indicated that approximately 36% of H(420-442)

underwent Met oxidation when subjected to oxidative stress, whereas the control
sample only contained low levels of oxidation (approximately 1.99%), which
were near the limit of detection. The relative abundance of Met oxidation in the
H2O2-treated peptide when UV peaks were quantified was considerably lower
(approximately 29%) than the value obtained fromXIC quantitation. Examination
of the MS1 spectra collected throughout the elution of the unmodified peak (57
to 58 min) shows co-elution of additional peptides (Figure 3C). The co-eluting
peptides contribute to UV absorption and thereby gave rise to an overestimation
of unmodified H(420-442) abundance and, consequently, an underestimation of
the oxidized form. This example highlights the need to be aware of confounding
factors when making such measurements and also demonstrates the additional
selectivity conferred by MS versus LC alone.

Although all three laboratories only utilized XICs from MS signals to report
relative levels of PTMs in our interlaboratory study, there are still many factors
to consider when interpreting these results. For example, because the XIC is
reconstructed from MS1 data, duty cycle or scan speed of the instrument can
significantly affect the quantification. Proper integration of a peak requires
a sufficient number of data points to fit a truly representative shape. Most
modern instrumentation allows data-dependent acquisition of MS/MS spectra for
increased protein sequence coverage (e.g., dynamic exclusion of abundant ions
after fragmentation to sample peptides of lower abundance). However, although
the use of these settings may increase peptide identification, they typically provide
fewer MS1 scans for quantification or even result in under-sampling of the
peak. To circumvent this issue, methods have been used that include only MS1
scans when quantitation is anticipated, with MS/MS performed for identification
purposes in a separate run (210). Table 2 shows that the individual laboratories
in this study chose a variety of data-dependent settings (i.e., Top-N method)
for analysis of the NISTmAb sample. This parameter, as well as additional
differences in LC methods (e.g., different gradient, mobile phase, column,
temperature) and MS instrument types (Orbitrap vs. QTOF), may account for
substantial differences in the overall PTMs identified and measured.
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Figure 3. Quantitation of Met oxidized peptide H(420-442)
(WQQGNVFSCSVMHEALHNHYTQK). Tryptic digests of a NISTmAb sample
exposed to 0.04% H2O2 for 4 hr at 37 °C and an untreated sample were analyzed
by liquid chromatography-UV-tandem mass spectrometry (LC-UV-MS/MS).
(A) Quantitation of unmodified and Met oxidized peptides by extracted ion

chromatogram (XIC); (B) Quantitation of unmodified and Met oxidized peptides
by UV; (C) MS spectra summed over elution time (57 to 58 min) of unmodified
peptide peak indicating co-eluting peptides. Note in (A) and (B) that oxidation of
Met forms a chiral center at the sulfur atom and therefore elutes as a “double
peak,” whereas the parent peptide elutes as a single peak. Data provided by

Lab 1.

The method by which the XIC is prepared is also important to consider. One
must keep in mind that:

1. Most peptide intensity signals are split because they tend to ionize as a
number of charge states.

2. The charge state distribution of an analyte is dependent on a number of
factors, including its concentration (211).

3. Ion suppression by a co-eluting peptide may affect one member of the
modified/unmodified peptide pair of interest but not the other.

4. A co-eluting peptide of similar m/z may be included in the XIC,
depending on the width of the mass tolerance window.

5. The amino acid residue subject to the modification of interest may be
present in more than one peptide form due to missed cleavages, partial
cleavage, and other modifications.

6. A peptide may have additional types of modifications besides the
modification of interest.

7. The isotopic peaks, which can be easily resolved in QTOF or Orbitrap
instruments, may or may not be considered in the final XIC, depending
on software settings.

Consequently, there are multiple properties that demand attention when
generating an XIC for quantitation, including—but not limited to:

1. Charge state (use of all detected charge states vs. most abundant charge
state).

2. Isotope distribution (use of monoisotopic peak vs. most abundant
isotopic peak or entire isotopic envelope).

3. Incomplete digestion (number of missed cleavages/partial cleavages to
consider for quantification).

4. Additional modifications (derive total AUC from the peptide with the
modification of interest and unmodified peptide vs. including additional
amino acid modifications of the same peptide in the value for total peptide
abundance).

5. Intensity above a given threshold (use of the limit of detection for the
threshold or greater value to increase confidence).
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6. Mass tolerance (too large a tolerance may include co-eluting peptides
with similar m/z, whereas too narrow a tolerance may exclude some
information from the peptide of interest; this setting will vary between
instruments, depending on mass accuracy).

Many of these parameters are fixed within the software coding and thus not
freely manipulated by the user; it is important, however, to understand the methods
used by the algorithm to calculate XICs in order to have a full understanding the
resulting data.

One example illustrating the need to carefully consider the methods to be
used for quantitation is presented by Lab 3 in Figure 4. The heavy chain of the
NISTmAb terminates with the tryptic peptide SLSLSPGK, although the data from
all three laboratories show that the majority of the heavy chain has undergone Lys
loss at the C-terminus. Thus, the des-Lys peptide SLSLSPG is highly abundant.
The presence of the Lys on the unmodified peptide renders it more readily ionized
to the higher charge state (z = +2) than the clipped peptide, which is instead more
abundant at z = +1. Table 4 presents relative abundances of the des-Lys peptide
as calculated by using several XIC methods that differ only in the charge states
included in the peak integration. The values vary from a 99.54% abundance of
SLSLSPG relative to SLSLSPGK when only the +1 charge state is considered, to
as low as 61.63% relative abundance of the des-Lys form when only the +2 charge
state is included. Differences in charge state distributions between corresponding
modified and unmodified peptides are only one factor that can have a great impact
on data analysis results. This example highlights the importance of understanding
the data processing methods one uses, however, and the extent to which the
methods themselves influence the results.

In the current study, Lab 1 used Byonic software (Protein Metrics Inc., San
Carlos, CA) to first identify the PTMs present on tryptic peptides of the NISTmAb
with up to four missed cleavages. Manual quantification was then performed via
XICs in Xcalibur (± 10 ppm of theoretical monoisotopic value) that included all
detected charge states of modified peptides and their unmodified counterparts. Lab
2 utilized MassAnalyzer (195) for the peptide identification, and the automated
quantification includes all the isotope peaks from all major (> 1/6 of the base peak
intensity) peptide forms and charge states, and further verified using XICs. Lab
3’s quantitation method relied upon manual XIC extraction of monoisotopic peaks
for the +2, +3, or +4 charge states of the peptides of interest, using theoretical
molecular weight to two decimal places and a mass tolerance of ± 0.1 Da. The
charge state with highest intensity for the peptide was used for quantitation. Mass
accuracy and correct charge state was confirmed for each peptide. Reconstructed
ion chromatograms of the unmodified and modified peptides were integrated using
peak areas to calculate relative modified percent.
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Figure 4. Presence of C-terminal Lys changes the charge state distribution
of the terminal heavy chain peptide. Mass spectra collected by Lab 3 during
peptide mapping shows ions corresponding to the heavy chain C-terminal

peptide SLSLSPGK (top) and the clipped des-Lys form (bottom). The presence of
the readily ionizable Lys residue on the unmodified peptide results in a highly
abundant z = +2 charge state, whereas the z = +1 ion is more abundant for

the modified peptide.

Table 4. Relative Abundance Calculations of des-Lysine Peptidea

Charge State Included Relative Abundance of des-Lysine (%)

z = +1 99.54

z = +2 61.63

z = most abundant per species 88.12

z = +1, +2 89.72
a Lab 3 generated area under the curve (AUC) values for the extracted ion chromatograms
(XICs) of the C-terminal peptide of the heavy chain with and without Lys. Relative
abundance values were calculated for the des-Lys peptide using methods that differ
according to which charge state was considered.

Values reported during quantification exercises using LC-MS will inherently
fluctuate due to the variety of experimental and data analysis conditions that may
affect the final value. This fact is clearly demonstrated in the NISTmAb study
discussed below. When conducted under consistent and optimized operating
conditions, however, these fluctuations can be kept to a minimum and very
reproducible results can be attained (212, 213). Therefore, although peptide
mapping may have its limitations, as discussed above, it remains the staple
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technique for observing the widest range of PTMs while simultaneously providing
quantitative results. The main items to keep in mind when interpreting these data
are that:

1. Quantification with peptide mapping is in fact relative.
2. There exists the potential for additional modifications to be introduced

during the sample preparation as the sample is exposed to the various
buffers, temperatures, and other conditions used throughout the process.

3. Sample analysis itself may introduce artificial modifications because
peptide integrity may be affected by source settings, such as temperature
or voltage.

4. Data acquisition and/or processing protocols may introduce variability in
identifications.

PTMs Identified in the NIST Reference mAb

In this section, the PTMs identified in the NIST reference mAb (control
sample) are presented, along with the relative abundances calculated by each
laboratory. The PTM types covered in this section include: glycosylation,
C-terminal Lys loss, N-terminal pyro-Glu formation, deamidation, oxidation, and
glycation. Some PTM types discussed in the Most Common PTMs in mAbs
Section are not reported here either because they are not routinely tracked by
each laboratory or simply because they were not detected or identified in the
NISTmAb. This section gives an overview of the PTM distributions throughout
the NISTmAb molecule along with specific discussions pertaining to items
to consider that are specific to the modification type. It should be noted, as
discussed above, that these are relative quantification values rather than absolute
measures of PTM content because the reported number may be influenced by
digestion conditions and/or the quantification methods used to obtain the values,
as highlighted below.

Glycosylation

Table 5 is a list of glycans identified in the NISTmAb control sample by the
three laboratories. Each laboratory utilized compositional matching (theoretical
m/z to experimental m/z) as a means to identify the glycan species occupying
the N300 N-glycosylation site. Although each laboratory readily identified this
residue as being predominantly glycosylated (> 98%), the identities of the glycans
reported at this site varied between laboratories, particularly for the low abundance
species.

Quantification of glycosylation is challenging with peptide mapping because
of the existence of numerous glycan forms and the difficulty in achieving good
chromatographic separation of each species. In a typical RP method used
for peptide mapping, the elution behavior of glycopeptides is dominated by
the hydrophobic peptide rather than the unique hydrophilic properties of each
conjugated N-glycan of differing composition and/or structure (214, 215). As
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a result, glycopeptides comprising the same amino acid sequence elute within
a narrow window, with a great deal of co-elution. The number of glycan
species that can be identified is typically affected by ion suppression, such that
low-abundant species may go undetected or may not generate enough signal for
confident quantification. Due to the variations in chromatographic methods used,
the population of low-abundant glycopeptides identified and quantified by each
laboratory will manifest greater differences than the high-abundant species.

Table 5. Putative Glycans Identified in the NIST Reference mAb (Control)
Using Trypsin Digest and Liquid Chromatography-Tandem Mass

Spectrometry (LC-MS/MS) on Heavy Chain N300

Glycan Lab 1 (%) Lab 2 (%) Lab 3b (%)

FA2G1 (H4N4F1) 30.04 39.22 33.00 (±0.70)

FA2 (H3N4F1) 35.96 33.71 39.04 (±1.55)

FA2G2 (H5N4F1) 7.35 12.36 6.03 (±1.15)

FA1 (H3N3F1) 14.96 3.40 10.40 (±0.53)

FA2G2Ga1 (H6N4F1) 1.01 3.16 1.29 (±0.48)

FA1G1 (H4N3F1) 6.08 2.42 4.81 (±0.19)

FA2G2Ga2 (H7N4F1) 0.92 1.58 0.63 (±0.30)

FA1G1Gc1 (H4N3F1Sg1) -- 1.11 --

FA3G1 (H4N5F1) -- 1.09 0.97 (±0.06)

M5 (H5N2) 0.80 1.02 0.87 (±0.31)

FA1G1Ga1 (H5N3F1) 0.98 0.96 1.25 (±0.18)

A1 (H3N3) -- 0.75 0.56 (±0.32)

Unglycosylated 1.90 0.72 1.17 (±0.12)
a Oxford nomenclature followed by monosaccharide composition (in parenthesis), where
H = Hexose, N = HexNAc, F = Fucose, Sg = N-glycolylneuraminic acid. b Value in
parenthesis represents ± 1 standard deviation for three separate digestions and analyses.

Although glycosylation is not chemically affected by digestion methods, as
many other PTMs can be, glycan moieties are relatively labile and are prone to
monosaccharide fragmentation during ionization (216, 217). These in-source
degradation products will havem/z values that correspond to smaller glycopeptide
compositions. Many of the chemical changes induced by PTMs will cause a shift
in retention time compared to the unmodified peptide. Thus, degradations that are
artificially derived from in-source events can be distinguished from pre-existing
PTMs because the former will have the same retention time as the unmodified
peptide. Because glycopeptides with differing glycan compositions do not
easily resolve chromatographically, however, glycan compositions resulting
from in-source loss of saccharide residues cannot generally be distinguished
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from their native forms using comparative retention times. This will certainly
lead to an overestimation of some glycoforms, particularly those of smaller
composition (and a corresponding underestimation of their original glycoform)
(218). For example, the FA1G1 composition will ostensibly result from in-source
degradation of FA2G2, and consequently in the underestimation of FA2G2.
After reviewing each laboratory’s tune method, we found that Lab 1 operated the
capillary temperature at 350 °C according to the HESI setting recommendations,
whereas Lab 2 customized the capillary temperature to 250 °C to avoid in-source
fragmentation. Lab 3, in contrast, was using a capillary column with 220 °C but a
much lower flow rate, which may increase the chance of in-source fragmentation.
This may be the dominating factor contributing to the differences between the
three laboratories (Table 5): larger glycans (e.g., FA2G2, FA2G1, FA2G2Ga1)
are in higher abundance in Lab 2 than in Labs 1 and 3, whereas Labs 1 and 3
detected higher levels of smaller glycans (FA2, FA1, FA1G1). Peptide mapping
can be a useful tool to ensure appropriate localization of collective glycan site
occupancy and the relative level to which that site is unoccupied; however,
detailed glycoanalysis (both for qualitative identification and quantitative glycan
analysis) has traditionally been performed on released glycans, as discussed in
detail in the Glycosylation chapter/Volume 2, Chapter 4. It should be noted,
however, that all glycans identified in Table 5 also were identified using the
targeted glycan methods described in the Glycosylation chapter/Volume 2,
Chapter 4.

C-Terminal K and N-Terminal Pyro-Glu

The NISTmAb DNA sequence encodes a Lys residue at the carboxy terminus
of the heavy chain. Due to the prevalence of C-terminal Lys clipping that occurs
during the mAb manufacturing process (47), it is routine in mAb characterization
platforms to assess the level to which this has occurred. Peptide mapping of
the NISTmAb using trypsin identified the presence of both a fully intact peptide
(designated as +K) as well as its counterpart with C-terminal Lys truncation (des-
Lys). The data reported from all three laboratories were in agreement that the
des-Lys species dominated in relative abundance (> 86%) over the unmodified
C-terminal heavy chain peptide as observed through peak integrations in XICs
(Table 6).

The C-terminal Lys loss results were almost the same between Lab 1 and Lab
3 (89.85% vs. 89.73%). Lab 2, however, detected des-Lys at a relative abundance
of approximately 87%, which represents a minor variation (interlaboratory
coefficient of variation [CV] = 1.9%). In this case, the interlaboratory variation
was only slightly higher than the intra-laboratory variation seen by Lab 3 when all
digestion factors were well controlled (intra-laboratory CV = 0.75%), indicating
little to no method-related variation. Although the authors considered this to
be well within assay reproducibility, analyses of the various data sets for this
peptide were placed under additional scrutiny. Because Lab 1 and Lab 2 both
included all charge states in their quantitation calculations, this minor discrepancy
is not likely due to the differences in charge state distributions as discussed
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earlier. Another possible explanation explored was the potential for differential
ion suppression in each of the laboratories. As depicted in Figure 4, Lab 3
achieved chromatographic resolution of both the +K and des-Lys forms from any
interfering peptides, whereas data from Labs 1 and 2 show the +K form co-eluting
with other major peaks (data not shown). Considering that Labs 1 and 3 produced
similar quantitative values, ion suppression is not likely to be responsible for this
minor variation. This minor variation may instead have been due to differences in
background noise levels or slightly different elution profiles created by different
chromatographic methods; ultimately, however, all three laboratories’ results
were deemed to be comparable within expected reproducibility.

Table 6. C-Terminal Lysine Loss and N-Terminal Pyro-Glu
Identified in Control NISTmAb Using Trypsin Digest and Liquid

Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

Post-Translational
Modification Position Lab 1 (%) Lab2 (%) Lab 3a (%)

C-terminal Lys Loss
(des-Lys) HC K450 89.85 86.89 89.73

(±0.67)

N-terminal Pyroglutamate HC Q1 99.65 99.64 > 99
a Value in parenthesis represents ± 1 standard deviation for three separate digestions and
analyses.

The sequence of the NISTmAb contains an N-terminal Gln residue on the
heavy chain. Conversion to the cyclized pyro-Glu was found in high abundance
(> 99%) by all three laboratories in the NISTmAb N-terminal peptide, with only
trace levels of the unmodified (QVTLR) Gln residue detected (Table 6). Lab 1 and
Lab 2 measured the same level of N-terminal pyro-Glu, whereas Lab 3 was unable
to quantify the levels because the intensity of unmodified peptide signal was too
low. Gln cyclization has been reported to increase with longer digestion times, and
therefore should be optimized to minimize artifactual conversion. Digestion time
did not seem to influence the results in the current experiment as all laboratories
obtained similar results. In addition, the N-terminal pyro-Glu levels measured by
the three laboratories is consistent with both the intact and middle-down analyses
as discussed in the Primary Structure chapter/Volume 2, Chapter 1, indicating that
the peptide mapping methods used provided minimal method-induced conversion
of the N-terminus to pyro-Glu.

Deamidation

As expected for any therapeutic protein, deamidation of a number of
Asn residues were detected in the digested NISTmAb sample. Several Asn
residues within the conserved regions of human IgGs have been demonstrated
in the literature as being more prone to deamidation than others (79, 219).
In particular, the Asn-Gly motif deamidates most readily, which is thought
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to be due in part to minimal steric hindrance during formation of the initial
cyclized succinimide intermediate. Commonly, susceptible asparagines are found
within tryptic peptides corresponding to NISTmAb H(305-320) and H(374-395)
(VVSVLTVLHQDWLNGK and GFYPSDIAVEWESNGQPENNYK). Indeed,
these peptides were identified as unmodified, deamidated (Asp and/or iso-Asp),
and succinimide (Asu) forms in tryptic digests of the NISTmAb. As an example,
Lab 1 data observed between 3% and 5% modification of one or more Asn
residues in these peptides, whereas modification of other peptides containing Asn
residues remained below 1% (Table 7).

A comparison between Labs 1 and 2 shows that Lab 1 reported, on average,
higher levels of deamidation. Evaluation of the digestion conditions shows Lab
1 used a slightly elevated temperature (37 °C vs. room temperature) during
denaturation and reduction, double the time for alkylation, and higher temperature
for digestion (50 °C vs. 37 °C). These conditions likely contributed, to some
extent, to the slightly higher levels of deamidation. However, including Lab 3
(which performed digestion at an elevated pH = 8.0 that may cause increased
deamidation) in the comparison increases the variability observed between
laboratories, with no clear trend found to be associated with deamidation site,
sequence, or specific method conditions. Despite this, Lab 3 performed triplicate
analyses of the NISTmAb and was able to obtain very reproducible results.
Collectively, this highlights the difficulty in monitoring deamidation using
reconstructed ion chromatograms due to issues of co-elution, susceptibility to
digest conditions, differences in software integration protocols, and isotopic
overlaps.

Deamidation is a PTM that has long been known to be susceptible to
digestion conditions. Elevated pH, elevated temperature, and increased duration
of reduction/alkylation and digestion times have all been shown to increase levels
of deamidation (220). The various factors also may be interrelated; for example
the pH of ammonium bicarbonate has been reported to drift to more basic pH
during extended digestions, resulting in additional deamidation (213). Alkaline
pH also is detrimental to identifying inherent succinimide intermediates, as they
are readily converted to Asp under these conditions. Various approaches for
minimizing digest-induced deamidation have been developed. The use of low
pH (6.0) and low temperature (4 °C) was implemented with long digestion times
to reduce deamidation; however these digestions may require multiple days to
yield optimal coverage (221). The speed of digestion has been directly targeted
by using elevated pressures and microwave irradiation, also with some success
in minimizing artifactual degradation (222–224). An alternative route to speed
digestion is through increasing enzyme activity through removal of potential
inhibiting agents (e.g., guanidine) prior to digestions (213). Combination
strategies with various parameters optimized are the ultimate pursuit for “high
fidelity” digestion protocols resulting in peptides more reflective of the native
mAb composition (212). New enzymes for peptide mapping also are being
explored, including a secreted aspartic protease 9, which was shown to produce
approximately 3.4 kDa fragments with reduced deamidation due to its amenability
to low pH digest conditions (225).
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Table 7. Asparagine Deamidation Identified after Tryptic Digestion of NISTmAb Control Samplea

Approximate Relative Abundance ofDeamidation (%)

Lab 1 Lab 2 Lab 3b

H N78 Q79 0.40 0.13 3.30 (±0.10)

H N86 M87 0.11 --- 0.27 (±0.06)

H N162 S163 --- 0.42 ---

H N279 or N289 W280 or A290 0.31 --- 2.50 (±0.10)

H N318 G319 5.04 0.18 4.90 (±0.17)

H N328 K329 0.79 --- ---

H N387 G388 2.25

H N392 N393
2.62c

2.99
0.67 (±0.06)c

L N136 (or N137, Lab 1) N137 (or F138, Lab 1) 0.32 0.23 0.93 (±0.06)

L N151 A152 ---

L N157 S158
0.73c

0.15
---

a It should be noted that Lab 1 and Lab 3 added Asp, isoaspartic acid (iso-Asp), and succinimide (Asu) together, whereas Lab 2’s report does not include Asu
in the calculation. Residues neighboring the deamidated Asn at the C-terminal side are shown because they are known to influence the susceptibility of Asn
to modification. b Value in parenthesis represents ± 1 standard deviation for three separate digestions and analysis. c Abundances distinguished between
residues of same peptide for Lab 2 based on retention time as described in Figure 1, but calculated together for Labs 1 and 3.
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In Lab 1 and Lab 3 results, peptides with Asn residues were identified in the
NISTmAb, and the modification of Asn to Asp/iso-Asp or Asu was manually
quantified by integrating XICs derived from the monoisotopic peaks of all
detected charge states (Lab 1) or the most intense charge state (Lab 3). The relative
abundance of peptides containing Asp/iso-Asp or Asu were added together
as products of deamidation. Lab 2 quantified deamidation in much the same
manner, but the percentages were derived from the software directly followed by
manual verifications. The software employed by Lab 2 does not include Asu in
the calculation, but rather as a separate category of ammonium loss as this is a
common loss observed for many peptides regardless of sequence. In most cases,
this did not result in significant differences in the relative quantitation calculated.
In one example, however, Lab 2 manually incorporated Asu relative abundance
into the calculation for heavy chain residue N318 modification and reported an
increase in the percent deamidation at this site from 0.18% to 2%. Although
this variation in calculation does not completely account for the relatively large
disparity between laboratories at this site, it does exemplify the need to understand
the underlying principles of software calculations when comparing datasets.

The use of XICs to monitor deamidation are further complicated by the
fact that deamidation results in a mass shift of +0.98402. The monoisotopic
mass of the modified peptide is therefore isobaric with the first 13C-containing
isotope of the unmodified peptide. The use of XICs will therefore inherently
overestimate the quantity of deamidation when the modified peptide co-elutes
with the native peptide. Software algorithms have recently been developed
to combat this issue using isotopic envelope modeling and sequence-specific
predictive chromatography (226, 227).

When considering data such as those presented in Table 7, it is important to
keep in mind the complications that may accompany the analysis of deamidated
peptides. As mentioned earlier, chromatographic conditions may greatly affect
which peaks are ultimately resolved and should be a critical aspect considered
when comparing methods for deamidation assessment. Variations in digest
conditions and quantification methodology also may affect the relative value of
deamidation observed as already discussed. These factors together explain the
apparent inconsistency between laboratories, and the reported values therefore
represent the range of values expected in the absence of a tightly controlled,
pre-defined protocol for digestion, instrumental analysis, and data analysis.

Oxidation

Peptide mapping revealed that a number of Met residues were oxidized to
relatively low levels in the native NISTmAb sample as demonstrated in Table 8
and Figure 5. All three laboratories identified nearly the same oxidized residues
other than the M361, which was not observed in Lab 3. M255 was the most highly
oxidized Met residue across all three laboratories, which is in agreement with the
literature for other IgG1κ mAbs (121–123).
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Table 8. Identification and Quantification of NISTmAb Methionine
Oxidation After Tryptic Digestion of Control Sample

Chain Residue and
Position Lab 1 Lab 2 Lab 3a

H M34 1.03 4.76 2.93 (±0.35)

H M87 1.34 6.66 2.13 (±0.21)

H M101 0.49 3.5 2.5 (±0.17)

H M255 3.12 7.36 4.9 (±0.56)

H M361 0.48 3.16 ---

H M431 1.99 2.77 2.57 (±0.06)

L M4 0.82 6.18 2.7 (±0.26)

L M32 1.12 4.67 2.17 (±0.55)
a Value in parenthesis represents ± 1 standard deviation for three separate digestions and
analyses.

Figure 5. Relative abundance as a function of Met residue observed in the
NISTmAb. Error bars represent ± 1 standard deviation for three separate

digestions and analysis. (see color insert)

Met residues throughout the heavy and light chains showed percent relative
abundance values that differed between the three laboratories; however, the same
general trend for the percent oxidized (Lab 2 > Lab 3 > Lab 1) was observed
for all residues other than M361, which was not identified by Lab 3. The
trend in the interlaboratory data suggests method-related artifacts as a cause
of interlaboratory variability. A recent study reported a correlation between
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increased digest-induced oxidation and the presence of higher metal content
originating from buffer components used during digestion (228). In general,
phosphate buffer was found to contain higher levels of residual iron than Tris,
and the addition of EDTA to phosphate-based digestions was shown to reduce
artifactual oxidation (228). In the current experiment, each of the laboratories
performed digestion using EDTA during the denaturation step, so this explanation
does not seem to account for differences observed. Therefore an alternative
explanation seems likely, although digest-induced oxidation cannot be ruled out
completely in the current example. Oxidation may have been introduced by many
factors such as elevated temperature, longer exposure to air, and oxidant or trace
metal contamination in digestion reagents or analytical instrument surfaces (228).

Continued discussion of the interlaboratory differences in reported oxidation
levels revealed that Lab 2 also observed higher levels of in-source oxidation.
Fortunately, in-source oxidation artifacts always “co-elute” with native peaks
because they are generated after LC separation, whereas real oxidation peaks
generally elute earlier when using RP chromatography. Though most software
tools are not programmed to distinguish true oxidation peaks from in-source
oxidations, this rule was easily applied by manually authenticating the values
reported for the oxidation products listed in Table 8. For example, the Lab
2 original software-indicated oxidation level for the peptide containing M255
was approximately 10%. It was thought that in-source oxidation contributed to
the higher values. Indeed, when manual XIC analysis was performed on the
same data set and in-source oxidation removed from the calculation (in-source
oxidation was assumed for oxidized peptides having the same retention time as
the unmodified peptide), the value was reduced to 7.36% as reported in Table 8.

Collectively, neither the potential difference in initial metal content nor
in-source oxidation seem to reliably account for variations between the individual
laboratories. However, this step-by-step evaluation of various analysis parameters
highlights the common troubleshooting that one might undertake in an effort to
minimize artifactual oxidation during digest optimization. Although time did
not allow a full evaluation of all parameters here, additional method differences
between laboratories that one might consider systematically testing for their
effect on oxidation may include the use of microwave digestion (Lab 1) versus
digestion without a microwave (Labs 2 and 3), additional raw materials (trypsin,
buffer components, and other materials), and other factors that may have differed
between the individual laboratories. Stable isotope labeling strategies also have
been used to circumvent this rather tedious optimization process altogether. For
example, Liu et al. fully reacted a recombinant mAb with 18O-enriched peroxide
prior to any sample handling to prevent Met residues from oxidizing during any
following experimental preparation or analytical processes. The isotopic label
provided a mass tag to distinguish the forced oxidized residues from those that
were present in the native mAb prior to sample handling because these Met
residues were oxidized with 16O. Finally, the differential 2 Da shift between
labeled and unlabeled peptides provided a means to accurately quantify the
relative levels of initially modified 16O residues via XIC (229).

Although the specific cause for variability in reported Met oxidation levels
between the laboratories could not be verified, what can be ascertained is that the
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intra-laboratory variability (triplicate analysis in Lab 3) was much smaller than the
interlaboratory variability. The CVs between laboratories ranged from 17 to 104%,
whereas the Lab 3 reproducibility was considerably lower, with CVs of only 2 to
25%. These results indicate that even in the potential presence of method-related
oxidation, good reproducibility can be attained when all digestion, method, and
analysis protocols are consistently performed.

Low levels of Trp oxidation were also reported at various sites in the heavy
chain (Table 9). As mentioned previously, oxidation of Trp may occur due to light
exposure or the generation of free radicals, but in most cases, the levels are too low
to raise concerns. Recently, one example reported a combination effect whereby
light exposure was reported to generate a buffer-derived His photosensitizer that
further degraded the mAb (230). Such a situation cannot be verified from the
current data but is worth noting because the NISTmAb is also formulated in His.

Table 9. Identification and Quantification of NISTmAb Tryptophan
Oxidation After Tryptic Digestion of Control Sample

Chain Residue and
Position Lab 1 Lab 2 Lab 3a

H W161 Double
Oxidation --- 0.58 ---

H W280 Double
Oxidation --- 0.49 0.13 (±0.06)

H W316 Double
Oxidation 0.20 0.43 1.47 (±0.12)

H W384 --- 0.75 ---

H W420 0.16 0.23 ---
a Value in parenthesis represents ± 1 standard deviation for three separate digestions and
analyses.

Glycation

Although trypsin is the most commonly used enzyme for PTM analysis,
it is certainly not the ideal enzyme when targeting glycation for quantitation.
The specificity of trypsin itself, as opposed to experimental conditions, is the
cause of its ineffectiveness as it has been shown to have a high propensity for
missed cleavage at glycated lysines. The resulting inconsistency is significant
enough that Lab 3 did not search for glycation in the current study. Despite this
limitation, a data set search allowing for missed cleavage can yield identification
of glycation sites. Glycation was observed at many Lys sites in the NISTmAb,
but some obvious variances between Labs 1 and 2 are recorded (Table 10) and are
likely due to the various limitations of trypsin digestion for this PTM, differences
in the search parameters used and/or data quality of the MS/MS spectra. Lab 1
observed relatively consistent glycations across the molecule with an average of
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approximately 0.5%. In contrast, Lab 2 observed more glycation sites (K66 and
K225 of the heavy chain as well as K52, K102, K168, K182, and K206 of the
light chain), but the average is higher (≈ 1%) and the range is wider (≈ 0% to 3%).

Table 10. Identification and Quantification of NISTmAb Glycation After
Tryptic Digestion of Control Sample

Approx. Relative Abundance of Glycation (%)
Chain Lys Position

Lab 1 Lab 2 Lab 3

H K58 0.12 ---

H K66 --- 0.90

H K77 0.68 1.06

H K136 0.11 1.28

H K225 --- 0.38

H K249 or K251 0.23 1.13

H K291 or K293 1.87 0.55

H K329 0.16 ---

L K38, K41, or
K44 0.24 0.51

L K52 --- 2.05

L K102 --- 1.74

L K148 0.11 0.61

L K168 --- 0.41

L K182 --- 2.87

L K187 --- 3.79

L K189 0.15 0.13

L K206 --- 0.41

No report
because Lab
3 does not
routinely use
trypsin peptide
mapping for
glycation

quantification.

Due to the common use of trypsin in analysis, it is worth discussing the data
processing limitations associated with glycation quantitation in this analysis as
well. As expected, the smallest peptide identified for each modification in Table
10 contains at least one missed cleavage because trypsin activity at the glycated
Lys is blocked in the modified peptide. On the other hand, the majority of the
unmodified peptide will exist as a properly cleaved (C-terminal to the Lys) species.
As a result, the percent relative abundance can only be calculated by using the
value for the missed cleavage glycated peptides relative to a properly cleaved
unmodified counterpart. A subjective decision must therefore be made as to which
of the unmodified peptides “halves” to use when calculating total peptide AUC.
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For example:

where k = glycated Lys.
A scrutiny of the quantification in the current experiment reveals that the

percentage calculation formulas used in Lab 1 and Lab 2 are different: in Lab
1, the total peak areas used for the percentage glycation calculation include
the unmodified peptide with the potential glycation site (i.e., the first formula,
above), whereas Lab 2’s data processing software only uses the longer of the two
properly cleaved unmodified peptides for total peak area calculation (i.e., the
second formula above). The difference in length, chemical properties, particularly
ionization efficiencies, and so forth between the unmodified peptide forms chosen
for the total peptide calculation, as well as differences between the glycated and
unmodified peptides themselves, could contribute significantly to the variances
observed. Pursuit of a more comprehensive coverage of this PTM and/or more
accurate quantitative values would be achieved through the use of an alternative
enzyme such as Asp-N or Glu-C.

Overview of NISTmAb PTMs

Figure 6 depicts a summation of the PTMs observed in the NISTmAb by
the three laboratories involved in this project. Figure 6A lists the summation of
PTMs identified in an effort to provide the most comprehensive list of potential
modification sites in the NISTmAb. Figure 6B lists only those PTMs identified
by all three laboratories. During the development of a therapeutic protein, years
of analytical data are collected with a variety of orthogonal assays. Validation
of the inherent presence of a given PTM would require a rigorous correlation
of peptide mapping data with the totality of evidence, especially for those
deemed to be critical quality attributes. For example, the combined level of
deamidation and sialic acid content may be correlated to the quantity of acidic
peak variants observed in a charge-based assay such as cIEF. It is expected
that mass spectrometer settings, digest conditions, and other peptide mapping
variables would also be optimized for the specific product during a method
development protocol. Targeted multiple reaction monitoring (MRM) assays
using internal standards also might be developed to more accurately quantify the
presence of a given modification. It is expected that in the years to come, a more
rigorous validation of the PTMs intrinsic to the NISTmAb may become a reality.
In the absence of time to perform such a full validation, Figure 6 is presented
as a visual representation of how variations in analytical protocols for peptide
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mapping may result in slight differences in PTMs reported. Neither figure should
be regarded as a comprehensive list of the PTMs present on the NISTmAb;
Figure 6A represents a relatively comprehensive list of PTMs one might observe,
however, and Figure 6B represents those for which the interlaboratory data
suggests are most likely to be observed.

Figure 6. List of (A) all post-translational modifications (PTMs) identified and
(B) those PTMs identified by all three laboratories in the control sample. The
reader is referred to the Primary Structure chapter/Volume 2, Chapter 1 for the

full amino acid sequence of the NISTmAb. (see color insert)

It is likely that future peptide mapping studies may identify the same and/or
different PTMs in the NISTmAb. Various factors were demonstrated above that
may increase or decrease the relative quantity of a particular PTM reported, or
result in false positive or negative PTM reporting. The optimized strategy for
digestion of a given therapeutic protein typically involves a significant amount of
testing to evaluate sample preparation conditions, HPLC conditions, MS settings,
MS/MS software identifications, and data processing for quantitative results. For
example, digestion time-course studies could be performed to identify an optimal
digestion time that is long enough to minimize missed cleavages while also
being short enough to limit artifactual deamidation. Specific digestion conditions
(e.g., low pH, metal chelating agents, different buffer compositions) also may
be employed for digests targeted at analysis of a specific PTM. The longitudinal
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availability of this material will therefore provide an optimum platform for
additional round robin studies targeted at specific PTM measurement science
questions. For example, a single data set may be circulated to compare data
analysis, a pre-digested sample could be used to test instrumentation, and a full
protocol from digest to analysis could be used to assess the entirety of peptide
mapping.

Globally, Figure 6 and the previous discussion highlight that reported PTMs
and their relative abundances are dependent on a variety of sample processing,
analytical method, and data analysis factors. The interlaboratory data suggest that
it is not uncommon for reported values to span up to a 5% relative abundance range
in the absence of a completely defined method. When all appropriate controls
are in place, however, PTMs can be reported with a high level of intra-laboratory
precision.

Importance of Forced Degradation Analysis

When characterizing therapeutic proteins, it is also important to consider
the behavior of the material under any external stresses it may endure during
production, shipment, storage, and ultimately, patient delivery. PTMs may
be induced in the protein when it comes into contact with various surfaces
(production equipment, packaging material, administration devices) and/or when
it is exposed to sub-optimal temperatures, mechanical stresses, light exposure, pH
levels, freeze/thaw cycles, and so forth.

Forced degradation (or stress testing as referred to in ICH Q1A(R2) (231))
refers to the intentional application of one or more stressors (in excess of
conditions encountered for clinical material) to artificially induce changes in
product attributes. Understanding changes that may result after exposure to
certain stress factors is useful for elucidating critical quality attributes and
potential degradation pathways. This information can in turn be used to design
production, processing, formulation, and other strategies that will mitigate
degradation as much as possible. Furthermore, forced degradation protocols can
be used to produce materials containing relevant product-related impurities that
are suitable for challenging analytical methods during qualification exercises.
The aforementioned applications and relevance of forced degradation studies
throughout the drug development lifecycle have recently been reviewed (232).

It is important to highlight the difference between forced degradation and
stability testing. Forced degradation is a relatively broad term that encompasses
stress applied to the drug substance or drug product in excess of that necessary for
stability testing. For example, forced degradation may encompass incubation at
elevated temperature and high pH simultaneously in an attempt to introduce high
levels of degradation. Forced degradation investigations may need to be repeated
at different points throughout the development following changes in concentration,
formulation, and container closure or when stability-indicating capabilities of new
or updated analytical methods requires assessment.

Stability testing is most often performed later in the development lifecycle
after potential degradation pathways have been identified through forced
degradation analysis, and tentative container/closure, formulation, validated
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assays, and so forth have been established. Stability testing refers to assessing
drug substance or drug product of the intended formulation according to
regulatory guidelines such as those released by the International Conference on
Harmonisation (ICH). Stability testing of drug substances and drug products
must be performed on multiple production lots and is covered in general in ICH
Q1A(R2). These guidance were further refined for biotechnology products in
ICH Q5C (233).

ICH Q1A(R2) recommends real-time stability testing under the intended
storage/temperature conditions for a minimum of 1 year, with a commitment
from the manufacturer that real-time stability testing will continue to cover
the proposed shelf-life of the material. ICH Q5C recognizes the complexity of
biopharmaceutical stability monitoring and provides for aminimum of 6months of
data, or the proposed maximum storage period, and accounts for the fact that more
complex analytical and potency assays may be required. ICH also recommends
accelerated stability testing, which consists of an elevated temperature relative to
real-time stability (all other conditions remaining consistent) and higher sampling
frequency to monitor potential changes in the product under the given formulation
conditions.

Stability and accelerated stability can in general be considered evaluation
of a proposed drug substance and/or drug product formulation with the intent of
establishing a suitable shelf-life for the given material. The specific application
of forced degradation in this chapter is representative of a stage prior to formal
stability testing. Forced degradation is used here on the NISTmAb to demonstrate
its utility for molecule characterization and identification of potential degradation
pathways. The exaggerated stress conditions are intended to produce larger
than normal quantities of altered material with the intent of identifying all
relevant potential degradation pathways and products, many of which are variants
containing altered levels of one of more intrinsically present PTMs.

PTM Level Changes in Stressed NISTmAb Samples

The quantitative assessment of the NISTmAb control samples discussed
above readily demonstrated that quantification of PTMs can vary between
laboratories due to inherent differences in sample preparation; however, consistent
quantification through XICs can be achieved when all sample preparation
remains consistent. For this reason, a single laboratory (Lab 3) conducted
forced degradation analysis on the NISTmAb. The forced degradation study was
conducted because this technique readily induces changes in PTM levels that
can be used to elucidate potential degradation pathways, identify critical quality
attributes for structure/function studies, and produce product-related impurities
relevant for challenging the methods used for qualification exercises. To this end,
NISTmAb samples were subjected to a series of forced degradation protocols
known to introduce PTM changes (Table 11). The forced degradation conditions
chosen for the current study, each of which are described in more detail below, are
representative of those which would be performed during the early development
stage of a new biopharmaceutical candidate.
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Table 11. NISTmAb Forced Degradation Conditionsa

Sample
Name Condition Potential Modifications

Control 4 °C, 1 week (PBS, pH 7.4) ----

Heat
(Thermal)
Stress

40 °C, 1 week (PBS, pH 7.4) Oxidation, deamidation, unfolding,
aggregation, fragmentation

High pH
(8.9)

37 °C, 1 week (phosphate,
pH 8.9),

Deamidation (Asn→Asu, Asp,
iso-Asp)

Low pH
(3.5)

25 °C, 6 hours (ammonium
acetate, pH 3.5)

Deamidation (Asn→Asp),
fragmentation

Oxidative
Stress 25 °C, 6 hours (0.1% H2O2) Oxidation (Met)

Oxidation in
the Presence
of Fe(II)

25 °C, 2 weeks (30 μM
ammonium iron sulfate) Oxidation (Met, His, Cys, Trp)

a NISTmAb samples were subjected to the stress conditions shown. The most prevalent
post-translational modifications (PTMs) expected to result from this exposure are listed.
Although unfolding, aggregation, and fragmentation are expected results of stress
conditions, these properties cannot be evaluated by peptide mapping and therefore
were not included in this study. High pH, low pH, oxidative stress, and Fe oxidation
stress conditions were performed at moderately elevated temperatures to accelerate the
reactions. These elevated temperatures may in themselves slightly increase oxidation and
deamidation levels across the molecule as compare to the control. Asu = succinimide,
iso-Asp = isoaspartic acid, PBS = 14190-DPBS obtained from Life Technologies.

All forced degradation analyses were performed by dialyzing the original
NISTmAb sample against the appropriate incubation buffer for the allotted time.
Following incubation, the samples were dialyzed back into PBS and immediately
processed for analysis as described above for Lab 3. PBS (pH 7.4) refers to 14190-
DPBS obtained from Life Technologies (Grand Island, NY), which contains 2.666
mmol/L KCl, 1.471 mmol/L KH2PO4, 137.931 mmol/L NaCl, and 8.060 mmol/L
Na2HPO4·7H2O.

Thermal Stress

Thermal stress evaluations are important in determining the appropriate
storage and handling conditions for a given molecule. They also provide an
understanding of the effects that higher than recommended storage temperatures
may have on product stability. Although every effort is made to ensure
appropriate storage, it is possible the product will encounter elevated temperatures
during production, shipment, storage, and/or patient administration. Elevated
temperatures can lead to conformational unfolding of the molecule, aggregation,
and/or fragmentation (83, 232). The thermal unfolding of various IgG domains
can be monitored using differential scanning calorimetry (DSC), differential
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scanning fluorimetry (DSF), circular dichroism (CD), and Fourier-transform
infrared spectroscopy (FTIR) (as discussed in more detail in the Biophysical
chapter/Volume 2, Chapter 6 and the Developability chapter/Volume 2, Chapter
7). As the temperature is elevated, conformational unfolding of a given domain
begins at a temperature dependent on the given protein (Tonset, ≈ 60 °C for
NISTmAb in formulation buffer), and the point at which half of the protein
molecules are unfolded is defined as the thermal transition temperature, or
melting temperature (Tm, ≈ 69 °C for NISTmAb in formulation buffer). In the
current chapter, the interest is the induction of chemical modifications that may
occur prior to unfolding of the protein but which also may result in decreased
product stability and/or activity. Therefore, the temperature for such thermal
forced degradation is often chosen to be below the Tonset and well below the
Tm. Elevated temperature for thermal forced degradation is therefore somewhat
molecule dependent but can be generalized for molecules of the same classes.
Under such conditions the kinetics of all potential pathways (e.g., unfolding,
aggregation) may be increased, but the intent is to observe chemical modification
associated with oxidation and deamidation without inducing significant changes
in the overall conformational structure.

pH Stress

In addition to thermal stress, forced degradation analysis may utilize extremes
in pH at ambient or elevated temperatures (83). Therapeutic proteins such as
IgGs nearly always encounter some form of elevated and/or lowered pH during
downstream processing, such as during elution from a Protein A column during
the initial product capture step. A number of additional pH changes may be
encountered during formulation, freeze/thaw cycles due to cryo-concentration,
and/or dilution during patient infusion. Assessing the protein’s stability in
response to pH excursions can be a measure of protein robustness during
formulation/processing conditions. For example, at elevated pH and temperature,
the rate of deamidation is increased as a result of increased deprotonation of
the backbone nitrogen (see Table 1) to initiate the succinimide intermediate
formation. Acidic conditions, on the other hand, induce deamidation as a result
of direct hydrolysis of Asn to produce mainly Asp. In addition to deamidation,
acidic conditions may also result in fragmentation of backbone peptide bonds,
such as the conserved SCDKTH region of IgG1, which was shown to be prone
to cleavage (Asp-Lys bond) in four IgG1 antibodies upon storage under acidic
conditions (234).

Oxidative Stress

Oxidation of specific amino acid residues may affect the conformation of
the given protein and/or its activity. Biopharmaceuticals may be exposed to
oxidizing conditions such as residual cleaning agents, excipients, and stainless
steel components during production. Forced oxidation of therapeutic proteins is
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a particularly important chemical modification as a number of residues may be
sensitive to oxidation, including Met, His, Cys, Tyr, and Trp. H2O2 is the most
commonly used chemical oxidant and predominantly results in oxidation of Met
residues. Oxidizing agents such as t-BHP also have been suggested to allow
more selective oxidation of only surface-exposed residues. Metal ions, both in
the presence or absence of peroxides, may be used to evaluate the susceptibility
of protein to metal-catalyzed oxidation and may result in oxidation of additional
amino acids, including His, Cys, and Trp.

NISTmAb Stress Results

The forced degradation conditions used in this study are expected to have
greater impact on oxidation and deamidation, with little to no impact on the levels
of other PTMs. A selected number of peptides were chosen to demonstrate the type
of data and interpretation sought during forced degradation analysis, the results of
which are shown in Figure 7. These peptides included residues of interest that
have previously been shown to be prone to modification upon stress in mAbs of
the IgG1κ class, as well as NISTmAb-specific CDR regions.

Two peptides were chosen as representative sites for monitoring deamidation
under forced degradation conditions, including the H(305-320) and H(374-395)
peptides of the CH2, and CH3 regions, respectively. The H(374-395) PENNYK
peptide was discussed in detail previously, highlighting the complexity of
quantifying deamidation due to the fact that it contains three potential sites of
deamidation, each of which may form a variety of deamidation products (Asp,
Asu, iso-Asp) and may have slightly different and/or overlapping retention times
depending on the chromatographic methods used. For this reason, all potential
deamidation products, regardless of retention time, were summed in the current
example.

Figure 7 shows the relative abundance of deamidation products identified for
the H(374-395) peptide in the forced degradation samples. As expected, the low
pH and thermal stress samples showed relatively minor increases in deamidation.
Fe oxidation and H2O2 samples also were slightly higher, likely due to the elevated
temperature (25 °C versus control at 4 °C) during the treatment. On the other
hand, the high pH stress sample showed a large increase in deamidation from
0.7% (control) to 29.5% (high pH), a change of 28.8%. This is indicative of a
site that is relatively prone to chemical deamidation. As discussed previously,
the H(374-395) PENNYK peptide is conserved among IgG1 mAbs and has been
previously reported as having relatively high susceptibility to deamidation (79).
This conservedmotif provides a class-specific “marker” for chemical deamidation,
and can therefore be used as an internal standard of sorts to gauge the relative
susceptibility of other motifs in the molecule.

The second peptide monitored, H(305-320), also displays a relatively
small increase in deamidation under low pH and thermal stress conditions.
Differing from the previous example, this peptide shows relatively low levels
of deamidation under the high pH stress conditions as well (1.1% [control] to
5.6% [high pH], a change of 4.5%). This peptide is part of the conserved region
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of the CH2 domain and has previously been reported in other antibodies to have
a slower rate of deamidation than the PENNYK peptide, thought to be due in
part to additional conformational constraints imparted by the protein’s secondary
structure in this region (79). H(305-320) serves as an example of a peptide that is
relatively “protected” from artificial deamidation conditions in this experiment.

Figure 7. Percent relative abundance of selected peptides containing potential
chemical modification sites. Relative abundance calculations on each forced

degradation sample were collected as described previously by Lab 3. Error bars
represent ±1 standard deviation (SD) for triplicate analyses (three individual

digestions of the same forced degradation sample). (see color insert)
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Three peptides containing potentially oxidizable residues also were chosen
for analysis, including the NISTmAb CDR1-containing peptide H(6-40); the
NISTmAb CDR3-containing peptide H(100-124); and H(252-258), which has
been demonstrated to be highly prone to chemical oxidation in mAbs of the same
IgG1κ class.

Beginning the discussion with H(252-258) allows visualization of results
typical of chemical oxidation during forced degradation for highly prone sites.
This motif is conserved in all IgGs and provides a “marker” for chemical
oxidation; it therefore can be used as an internal standard of sorts to gauge the
relative susceptibility of other motifs in the molecule. Figure 7 shows the chemical
oxidation in the H2O2-stressed sample, increased from 4.9% (control) to 67.3%
(H2O2), a change of 62.4%. Oxidation under each of the other stress conditions
remained relatively consistent. As mentioned previously, the M255 site has been
shown to be highly prone to chemical oxidation. This residue is just below the
highly flexible hinge region, and therefore it is not unexpected that it would be
rather solvent exposed and more prone to oxidation. From a risk assessment point
of view, the impact of oxidation at this site may initially be viewed as relatively
low as it is located far from the antigen binding regions of the molecule. However,
it has been linked to altered FcRn binding, which consequently can affect the
pharmacokinetics of the therapeutic mAb (235). The combination of its frequency
of occurrence in all IgG1 antibodies and susceptibility to oxidation makes it an
attribute to monitor during process optimization where variations in oxidative
insults during production may affect levels of oxidation in the final product.

The next two peptides chosen to highlight the results of oxidative stress are
H(6-40) and H(100-124), as shown in Figure 7. Both of these peptides contain a
potentially oxidizable Met, as well as an oxidizable Trp. Under the experimental
conditions, the Met is expected to be the predominantly oxidizable residue, and
MS/MS site analysis was used along with retention time to confirmMet oxidation.
Both peptides also are within a CDR region, with M34 being part of CDR1 and
M101 being part of CDR3. Their native composition and stability are therefore
important to consider as potential critical quality attributes. Upon stress, the
H(6-40) peptide was shown to have a small increase in relative oxidation level
from 2.9% (control) to 6.8% (H2O2), a change of 3.9%. This indicates that M34
has relatively low susceptibility for chemical modification. On the other hand,
H(100-124) was shown to have significantly increased oxidation from 2.5%
(control) to 39.3% (H2O2), a change of 36.8%. The trend in oxidation under
various stress conditions is very similar to that shown for M255, discussed in the
previous paragraph, and is indicative of a site prone to chemical oxidation.

Ultimately, both the M34 and M101 residues are potential critical quality
attributes as both are indeed contained in a CDR region of the NISTmAb; the
criticality of the M101 residue is somewhat higher, however, due to its higher
susceptibility to chemical oxidation. Further studies would be required in
conjunction with activity-based measurements to elucidate any structure–function
relationships that may result from chemical oxidation at this site. Manufacturing
consistency also would be of importance during process optimization and lifecycle
management because this site has been shown to be susceptible to chemical
oxidation.
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In the case of all three peptides monitored for oxidation in the above
NISTmAb example, good intra-laboratory reproducibility was demonstrated on
the triplicate samples, as indicated by the error bars in Figure 7. In addition
to evaluating intra-laboratory reproducibility, it was of interest to determine if
despite the differences in digestion conditions between laboratories noted for
the control samples, each laboratory could confidently identify changes in PTM
levels as a result of forced degradation. For this reason, a single NISTmAb
oxidative stress sample was prepared in Lab 1. In this case, the sample (8 mL
of 10 mg/mL NISTmAb in 25 mmol/L His, pH 6.0) was adjusted by adding 10
μL of 30% H2O2, resulting in a final concentration of 0.04% H2O2. The sample
was maintained in the dark at 37 °C for 4 hours, and then quenched by adding
96 mg of solid Met. The sample was sent to each of the three laboratories for
analysis, and each laboratory was asked to monitor the three peptides H(6-40),
H(100-124), and H(252-258).

Figure 8 demonstrates that despite differences in values of oxidation observed
due to sample preparation, all three laboratories were able to confidently identify
relative changes in oxidation upon peroxide stress. All three laboratories identified
the relative susceptibility to oxidation in the order of H(252-258) > H(100-124) >
H(6-40). These findings indicate that despite minor differences in oxidation due
to sample preparation, changes in oxidation as measured in a forced degradation
analysis can confidently identify hot spots prone to chemical degradation. These
observed differences in total oxidation are indicative of their respective solvent
accessibility and provide insight as to which residues are most prone to oxidative
degradation.

Figure 8. Comparison of relative post-translational modification (PTM) levels
between control and H2O2-oxidized samples analyzed in three laboratories. (see

color insert)
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Conclusions for the Interlaboratory Study

This seminal cross-site study demonstrates the use of peptide mapping
for monitoring and quantifying frequently occurring attributes. Further,
the comparison of results across laboratories highlights the dependence of
outcomes on a myriad parameters, including sample storage and preparation,
instrumentation, and data analysis and interpretation methods. The largest
variances in results obtained across different platforms are likely to be observed
for low-abundance PTMs simply due to the increased difficulties associated
with accurately detecting species at or near interfering background signals.
Peptide mapping is an intricate technique requiring skilled analysts with thorough
knowledge regarding not only the nature of the sample being analyzed and its
potential PTMs, but also the strengths and weaknesses of the instrumentation and
methods employed for data collection and analysis.

Although minor variations in relative abundance values were reported,
similar trends were identified in all laboratories. In addition, the power of
peptide mapping is clearly evident in that each laboratory in this study chose
some form of this experiment as the platform method to analyze PTM levels
and gain an understanding of which residues may be more inclined toward
modification and to what relative degree. In a typical development environment,
the residues identified as potential degradation sites may be further evaluated for
their tendency to degrade under certain conditions as well as the effect that such
product-related variants may have on safety and/or efficacy. If the attribute level
is too low to be accurately quantified with high-resolution MS, product-specific
MRM methods on a triple quadrupole instrument may be developed for peptides
showing a propensity for degradation. Such experiments would serve to validate
tentatively identified degradation pathways as well as establish a more traceable
analytical method for understanding the kinetics of these processes.

Development of targeted MRM methods for every candidate molecule is
not feasible due to the high volume of samples produced throughout the drug
development process. It is imperative to develop robust peptide mapping methods
that are not overly sensitive to inevitable variations such as those that may occur
when two samples are prepared by two different analysts or by the same analyst
on different days even when the same methods are used. Although challenging,
every effort should be made to optimize methods to produce the most accurate and
reproducible values possible without the introduction of confounding variations
from processing and handling. Finally, the reliability and reproducibility of
results, whether qualitative or quantitative, further demand the use of sensitive
instruments capable of high resolution/accurate mass measurements. By adhering
to these principles and continuing to strive for improvements as technology
develops, analytical confidence in peptide identification, method robustness, and
accuracy of quantitation will continue to increase.
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Closing Remarks

PTMs are major contributors to the heterogeneity of recombinant proteins,
and the problem is compounded in the case of mAbs due to their large size and
the presence of multiple subunits. They can be introduced during any stage of
production, from cell culture to purification and formulation of the final product.
Rigorous discovery, tracking, and evaluation of protein changes are critical for
optimization of the manufacturing process in order to deliver a safe and efficacious
drug product. In addition to high-abundance N- and C-terminal variants, a variety
of low-abundance deamidation, oxidation, and glycation sites were identified in
the control NISTmAb sample.

Various techniques can be used to quantify PTMs, and we have demonstrated
their effectiveness with a cross-site effort; it remains a challenging task to ensure
the precision and accuracy of analytical techniques, however, especially for
quantifying minor PTMs. Sample preparation, analytical methods (both LC
and MS), and data analysis were identified as potential steps that may result
in interlaboratory variation in the PTMs identified. Software versus manual
reconstruction of chromatograms was shown in a few examples throughout this
study to contribute to differences in the relative abundance values reported for a
particular PTM. This emphasizes the importance of understanding the algorithms
behind the software, especially their limitations (e.g., most software will not
use retention time information to distinguish true oxidation versus in-source
oxidation). Despite this, rapid software evaluation of data is absolutely critical to
ensure high levels of efficiency in drug development pipelines. Routine analysis
of a plethora of samples is simply not possible without such software. In addition,
as mentioned before, it is consistency (with both data collection and analysis)
within an organization that is most important for ensuring consistency of the
product and identifying changes from one material to the next. As observed in
our study, the interlaboratory CVs are always higher than the intra-laboratory
CVs, highlighting the effect of consistency in sample preparation and analysis
on quantified PTM levels. Although detailed intermediate precision assessment
across laboratories was not possible during the course of this study, it is most
certainly a future interest and future application of the NISTmAb.

A forced degradation analysis also was performed in Lab 3, and data were
reported for a select number of peptides to highlight representative results
from such studies. Forced deamidation under elevated pH and temperature,
for example, was observed at different relative levels for different peptides.
The peptide H(305-320) showed low levels of induced deamidation, whereas
the PENNYK peptide [H(374-395)] was used to highlight results for a more
susceptible region, as well as the difficulty in assessing chemical deamidation
compounded by the presence of multiple potential deamidation sites. Oxidation
prone residues also were highlighted in the NISTmAb following exaggerated
chemical oxidation conditions. Salient examples include M101 and M255 of
the heavy chain, which demonstrate results commensurate with residues more
highly susceptible to oxidation under chemical stress conditions, as well as
M34 of the heavy chain, which is only moderately oxidizable in comparison.
Although levels of reported modification relative abundance were shown to be
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dependent on sample preparation and analytical method, each laboratory was
capable of reporting consistent trends in the relative susceptibility to degradation
as demonstrated with a second interlaboratory chemical oxidation study.

The importance of robust methods that do not themselves introduce PTMs and
thereby confound the true levels of modification was apparent in the current study.
Consistent sample processing, analysis, and data processing were all identified
as critical stages for control. Future interlaboratory peptide mapping studies
will likely be designed to selectively target particular stages of the work flow.
For example, pre-digested samples may be distributed with or without defined
analytical methodology to highlight those aspects associated with instrumentation
and/or data processing without confounding modifications from differences
in sample processing. Standard reference data in the form of a common raw
data file also may be a potential application of the NISTmAb to selectively
evaluate XIC settings for PTM quantification. The widespread availability of the
NISTmAb IgG1κ reference material (RM) will afford future opportunities for
such interlaboratory studies to further elucidate method-dependent variability and
guide innovation in PTM characterization methodology.

Disclaimer

NIST Disclaimer: Commercial equipment, instruments, and materials are
identified to adequately specify the experimental procedure and do not imply a
recommendation or endorsement by NIST.
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N-linked glycosylation is a common post-translational
modification that imparts structural heterogeneity to
recombinant monoclonal antibody (mAb) therapeutics. The
various oligosaccharides attached to the CH2 domains of
an IgG can impact the efficacy, safety, pharmacokinetics,
and pharmacodynamics of the product. Depending on the
mechanism of action of the biotherapeutic, specific glycan
moieties may be deemed critical quality attributes (CQAs) and
require appropriate process control and analytical strategies to
ensure product quality consistency. Glycan analysis presents a
significant challenge because the N-glycosylation biosynthetic
pathway results in a heterogeneous population of complex
branched structures at each glycosylation site. Consequently,
extensive sample handling is required for analysis. At various
stages of developing and manufacturing of a mAb, several
levels of glycan analysis are required: (i) profiling, which can
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provide a quick comparative overview of the glycosylation;
(ii) characterization of the glycans by type to provide
particular CQAs; and (iii) full, detailed analysis, including
monosaccharide sequence and linkage of the glycans, which
usually requires orthogonal technologies. Glycoanalytical
standards are of critical importance in evaluating the suitability
of methods intended to monitor glycosylation through the
lifecycle of the product. The intact NISTmAb reference
material may provide an additional supplement to in-house
reference standards for system suitability, operator training, and
analytical method evaluation. The NISTmAb glycan population
was therefore analyzed using several orthogonal approaches.
The comprehensive workstreams presented here demonstrate
state-of-the art technologies that are suitable for sequencing
the glycans attached to mAbs throughout the lifecycle of the
product.

Introduction

N-linked glycosylation is a common post-translational modification that
imparts structural heterogeneity to each of the CH2 domains in the Fc region
of both native IgG and recombinant monoclonal antibody (mAb) therapeutics
(Mechanism Action Ch.) (1). N-linked glycans are modifications of an asparagine
(Asn) residue side chain at the consensus sequence Asn-Xaa-Ser/Thr, where Xaa
can be any amino acid except proline. Glycan processing is regulated by a variety
of stepwise removals and additions of monosaccharide residues to the dolichol
phosphate pre-curser (Glc3Man9GlcNAc2) in the endoplasmic reticulum and Golgi
apparatus. These enzyme actions result in complex, hybrid, or high mannose
glycans that all share the common trimannosyl core sequence (Man3GlcNAc2)
depicted in (Figure 1) (2). The most common class of N-glycans attached to
mAbs is that of the complex bi-antennary type; however, all classes have been
detected at some level. In Figure 1, a representative N-glycan from each class
according to the Consortium for Functional Glycomics (CFG) (3) system, as well
as the Oxford system (4), is depicted. Both methods provide a relatively simple
mechanism for conveying individual monosaccharide residues via shapes, and
their linkages based on additional text (CFG) or linkage orientation/line style
(Oxford).

N-linked glycosylation can impact the efficacy, safety, pharmacokinetics, and
pharmacodynamics of recombinant mAbs by modulating the effector functions
of the Fc region (see Mechanism Action Chapt. for additional discussion).
For example, afucosylated complex glycans support antibody-dependent
cell-mediated cytotoxicity (ADCC) (5, 6) by modulating FcγR binding. Glycans
carrying terminal galactose or GlcNAc residues affect complement-dependent
cytotoxicity (CDC) by modulating C1q and mannose-binding lectin, respectively
(7–9), whereas the presence of high mannose glycans can lead to increased
drug clearance in vivo (10). These critical effects on pharmacological behavior
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have resulted in efforts to engineer more tailored glycoprofiles through
molecular engineering of biosynthetic pathways and optimization of bioreactor
process parameters (11, 12). For both glyco-engineered and non-engineered
biotherapeutic candidates, it is the intent to produce product with consistent
glycosylation. Depending on the mechanism of action of the biotherapeutic,
specific glycan moieties may also be deemed critical quality attributes and require
an appropriate process control strategy to ensure product quality consistency (13).
Robust product quality analytical methods to monitor N-linked glycosylation are
therefore essential.

Mass spectrometry (MS), high-performance liquid chromatography (HPLC),
capillary electrophoresis, and/or hyphenated combinations of these techniques
(LC-MS) are commonly used for studying protein glycosylation (13–26).
High-resolution MS has become a popular tool to match medium-to-high
abundance mAb glycoprotein compositions directly with intact mAbs
or subunits/fragments thereof, as demonstrated in the Primary Structure
chapter/Volume 2, Chapter 1. However, comprehensive identification and
characterization is achieved through release of the N-glycan population followed
by directed analysis. Removal of mammalian N-glycan species is most
commonly achieved using peptide N-glycosidase F (PNGase F), an enzyme that
selectively cleaves between the Asn residue and the proximal GlcNAc (both
α-[1-6]-core fucosylated and afucosylated) of high mannose, hybrid, and complex
oligosaccharides (27) commonly found onmAbs. Plant-derived antibodies require
the use of peptide N-glycosidase A to release glycans containing α-(1-3)-linked
core fucose, and endoglycosidase enzymes can be used to release specific glycan
moieties (28–30). Released glycans have a free reducing terminus that can be
further modified prior to analysis with labels to improved detectability, ionization
efficiency, and/or chromatographic retention. Recent advancements in column
resin chemistries, ultra-performance liquid chromatography (UPLC) systems,
highly sensitive fluorescence detectors, and state-of-the-art mass spectrometers
increasingly provide the means to characterize released and labeled glycan species
rapidly. MS yields confident, rapid identification of glycan composition, whereas
sequence and linkage information can be achieved through a variety of sample
preparation and fragmentation techniques that result in both glycosidic and
cross-ring fragmented product ions, as depicted for the core structure in Figure
1. High-resolution LC technologies using high-sensitivity fluorescent labels
are quantitative. Combined with exoglycosidase array digestions, LC provides
monosaccharide sequence and linkage information as well. The LC may be used
either coupled or uncoupled to MS for further structural information (19).

The current chapter uses the NISTmAb reference material as a surrogate
to demonstrate a variety of glycoanalytical workflows in accordance with their
intended purpose throughout the commercialization lifecycle of a biotherapeutic.
The glycoanalytical techniques discussed can also be applied to other protein
therapeutic classes as well as during the development of follow-on (biosimilar)
products (19, 31). First, we discuss an automated, high-throughput glycan
analytical method suitable for process support. In addition to monitoring product
quality attributes for process support, comprehensive product characterization is
a requirement for regulatory filing. Therefore, a comprehensive N-linked glycan
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analysis workflow purposed for biological license application of monoclonal
antibodies is outlined in this chapter. A common aspect to both workflows, as
well as being widespread throughout industry, is the fluorescent labeling and
analysis of released N-glycans. A separate section has therefore been dedicated
to highlighting various experimental factors that may be considered when
implementing this technique. Finally, an interlaboratory comparison of each
laboratory’s platform LC-based glycoanalytical mapping results is presented.

Figure 1. Core chemical structure (with representative glycosidic and cross-ring
fragments) and representative classes of N-linked glycans. Linkage annotations
are made according to putative biosynthetic pathways. Reference table is
included describing the Oxford Nomenclature Symbols (4). (see color insert)
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High-Throughput N-linked Glycan Profiling for
Process Support

During process optimization campaigns, operational parameters are
intentionally varied to determine the effect on product quality attributes
and process performance. To complete these studies, high volumes of test
samples are submitted for analysis to the analytical testing groups. Automated,
high-throughput, qualified product quality and purity assays are ideal to support
process optimization activities. Fully humanized monoclonal antibodies
contain relatively straightforward N-linked glycan populations, predominantly
asialylated, core-fucosylated, bi-antennary glycans possessing 0, 1, or 2 terminal
galactose residues and modest levels of hybrid and high mannose glycans.
Sialylated glycans are typically in low abundance in recombinant IgG1 and IgG2
modalities. The collection of N-linked glycan species is relatively constant,
albeit the relative proportions of the glycan species may differ significantly. The
consistent population of glycan species justifies the development of a platform
glycan profiling assay, commonly referred to as a glycan map, to support a
mAb biotherapeutic pipeline. Recently, the National Institute for Bioprocessing
Research and Training (NIBRT) introduced an automated, high-throughput
glycomics platform that is low-cost, reliable, and suitable as a platform for glycan
mapping in biotherapeutics development (Figure 2).

Figure 2. National Institute for Bioprocessing Research and Training (NIBRT)
glycomics platform, consisting of an automated glycan sample preparation

module, glycan analysis technology and bioinformatics tools for glycan structure
elucidation. (see color insert)
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Briefly, the glycoanalysis platform consists of sample preparation using
a liquid-handling robot in a 96-well or 384-well format (Appendix A)
followed by hydrophilic interaction liquid chromatography (HILIC) separation
with fluorescence detection and use of a reference database, GlycoBase
(https://glycobase.nibrt.ie/glycobase/show_nibrt.action), to facilitate rapid peak
assignment (26, 32). Some key features of the robotic sample preparation consist
of rapid IgG affinity purification and sample concentration, protein denaturation
and enzymatic glycan release on a multiwell filtration device, glycan purification
on a solid hydrazide support, and fluorescent labeling with 2-aminobenzamide
(2-AB), allowing the preparation of 96 samples in 22 hours (Figure 2). The
fluorescently labeled glycans are analyzed on UPLC instruments equipped with a
HILIC BEH130 column (150 mm × 2.1 mm, 1.7 µm).

GlycoBase is a database for the storage, classification, and visualization
of glycan structures and their associated experimental parameters obtained
from various analytical techniques such as HPLC, UPLC, and capillary
electrophoresis (CE). GlycoBase is an open-access resource that contains
glycan data normalized to chromatographic retention time data, expressed as
Glucose Unit (GU) values, for more than 700 unique glycan structures (labeled
with 9-aminopyrene-1,4,6-trisulfonic acid [APTS] and/or 2-AB). These values
were experimentally obtained by detailed analysis of released glycans from
a diverse set of glycoproteins. A dedicated biotherapeutics sub-collection is
available through the Waters UNIFI 1.7 platform, which contains GU values for
oligosaccharides released from therapeutically relevant glycoproteins such as
Erythropoietin, Herceptin, and Infliximab. HILIC combined with fluorescence
detection, exoglycosidase sequencing, and mass spectrometry were used to
generate this high-confidence glycan library. The resulting database has been
made accessible through a customized Web application containing a simple
graphical user interface for assignment and confirmation of glycan structures (32,
33).

Figure 3 represents the 2-AB-labeled, N-linked glycan profile of the
NISTmAb prepared on the NIBRT-automated platform. Chromatographic peaks
are labeled with proposed glycan species assigned utilizing the GlycoBase
database and serial exoglycosidase treatment. Table 1 represents 2-AB-labeled
glycan species that are ≥ 0.1% of the total peak area based on GlycoBase
assignment. When utilizing GlycoBase, a dextran ladder should be incorporated
into the sample sequence, allowing the assignment of a GU value to each of the
peaks and assisting in peak annotation. The use of standard GUs renders these
values independent of the instrument and running conditions, which allows for
the direct comparison of the normalized peak GU unit to the curated GlycoBase
reference database. For example, the first peak in the NISTmAb glycan map has
an associated GU value of 4.74 ± 0.05 as determined from three independent
UPLC analyses (Figure 3 and Table 1). A GlycoBase search for a GU value range
of 4.69 to 4.79 returns the glycans A1 and FM3 (Figure 4). Using automated
sample preparation, standardized chromatographic conditions, and GlycoBase
for peak annotation and data storage, a single glycan map may be used to rapidly
identify and quantify glycan species for the purpose of monitoring process
consistency.
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Figure 3. Hydrophilic interaction liquid chromatography (HILIC) fluorescence
chromatogram of the NIST monoclonal antibody glycans from automated sample

preparation and assignment with normalized GU units.

Figure 4. GlycoBase Web interface and GlycoBase search for a representative
NISTmAb glycan peak with a glucose unit (GU) value range between 4.69–4.79,

returning the glycans A1 and FM3. (see color insert)
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Table 1. Hydrophilic Interaction Liquid Chromatography (HILIC) Glycan Peaks ≥ 0.1% of the Total Peak Area with Assignment
Based on GlycoBase

Empirical Glucose
Units

Theoretical Glucose
Units Retention Time Relative Peak Area

Peak
Assignment Value SD Value

Relative
% Difference AV (min) SD CV AV (%) SD CV

FM3 4.74 0.05 4.76 0.35 3.48 0.06 1.63 0.12 0.01 8.96

A1 4.80 0.05 4.83 0.62 3.55 0.06 1.63 0.70 0.04 4.98

M4 5.14 0.05 5.11 0.52 4.00 0.07 1.68 0.20 0.03 14.21

FA1
A2

5.28 0.06 5.27
5.42

0.13
2.64

4.18 0.07 1.70 2.58 0.06 2.37

FA2 5.79 0.06 5.87 1.42 4.91 0.08 1.67 39.81 0.31 0.77

M5 6.10 0.06 6.19 1.45 5.39 0.09 1.60 1.17 0.06 4.99

FA1G1
FA3

6.22 0.06 6.23
6.24

0.11
0.27

5.57 0.10 1.73 2.57 0.10 4.03

FA2G1-a 6.56 0.07 6.70 2.04 6.11 0.10 1.66 28.05 0.23 0.82

FA2G1-b
FA4

6.68 0.07 6.80
6.95

1.86
3.84

6.30 0.10 1.66 10.10 0.07 0.66

FM4A1G1 6.93 0.07 7.04 1.61 6.70 0.11 1.61 0.41 0.05 11.89

M6
FA3G1

7.03 0.07 7.02
ND

0.09
−

6.86 0.11 1.61 0.41 0.03 8.05

FA1G1Ga1 7.12 0.08 7.11 0.09 7.00 0.12 1.66 1.00 0.05 5.27
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Empirical Glucose
Units

Theoretical Glucose
Units Retention Time Relative Peak Area

Peak
Assignment Value SD Value

Relative
% Difference AV (min) SD CV AV (%) SD CV

FA2G2
M5A1G1

7.45 0.08 7.60
7.54

1.97
1.19

7.53 0.12 1.62 7.55 0.24 3.22

FM5A1G1
FA3G2

7.78 0.09 7.95
ND

2.10
−

8.05 0.13 1.58 0.36 0.02 5.65

FA1G1Gc1 7.95 0.08 7.98 0.33 8.32 0.10 1.19 0.83 0.09 10.88

FA2G1Gc1-a 8.23 0.10 8.37 1.67 8.73 0.13 1.49 0.14 0.03 21.30

FA2G1Gc1-b
FA2G2Ga1

8.28 0.10 8.38
8.4

1.15
1.15

8.82 0.14 1.55 1.85 0.05 2.96

FA3G3 8.64 0.11 8.61 0.31 9.34 0.14 1.50 0.27 0.02 7.32

FA3G2Ga1
FA3G1Gc1

8.73 0.11 ND
ND

−
−

9.48 0.12 1.24 0.15 0.02 11.13

FA2G2Ga2
FA2G2Gc1

9.16 0.12 9.33
9.17

1.82
0.11

10.09 0.15 1.45 1.11 0.03 2.92

FA3G3Ga1 9.46 0.12 ND − 10.52 0.14 1.34 0.12 0.01 8.21

FA2G2Ga1Gc1 9.94 0.12 10.03 0.86 11.17 0.12 1.12 0.27 0.02 8.75

**FA3G2Gc1 9.60 0.11 ND − 10.71 0.12 1.09 0.03 0.02 47.17

**FA3G3Ga2 10.31 0.14 10.40 0.87 11.65 0.16 1.36 0.04 0.02 41.42

AV = average, CV = coefficient of variance, SD = standard deviation. ** Indicates species identified as separate peaks with < 0.1% abundance. ND
represents glycans for which theoretical GU units were not available.
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Figure 5. Glycan sequencing panel of 2-aminobenzamide (2-AB)-labeled NIST
monoclonal antibody (mAb) glycans analyzed by ultra-performance liquid
chromatography (UPLC) systems with fluorescence detection and dextran

ladder for GU definition. (i) Dextran ladder; (ii) undigested glycans; (iii) ABS
(Athrobacter ureafaciens sialidase) releases α-(2-3,6,8)-linked sialic acids;
(iv) CBG (green coffee bean α-galactosidase) releases α-(1-3,4,6)-galactose;
(v) BTG (bovine testes β-galactosidase) releases β-(1-3) and β-(1-4)-linked

galactose residues; (vi) BKF (bovine kidney fucosidase) releases α-(1-2,6)-linked
fucose; (vii) GUH (Streptococcus pneumoniae hexosaminidase) releases

β-linked N-acetylglucosamine. Dotted arrows indicate glycan peak shifts upon
exoglycosidase treatment. The proposed structural annotation for selected peaks

are shown.

An important component in the development of a robust platform glycan
map is peak assignment. For high confidence peak assignment, a combination
of glycan sequencing through serial exoglycosidase digestion and acquiring GU
data to index the elution position of the sequenced glycan is recommended.
Serial or parallel exoglycosidase array digestions are a robust analytical approach

194

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
4

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1201.ch004&iName=master.img-004.jpg&w=302&h=319


for glycan species assignment, including linkage and monosaccharide sequence
determination. Exoglycosidase treatment can therefore assist in determining
the identities of co-eluting species when they occur. A full understanding of
co-eluting glycans under a given HILIC peak is important to monitor the changes
in N-glycosylation that result from planned or unplanned perturbations in the
manufacturing process. For the purpose of peak assignment, the entire population
of glycans can be digested without the need for pre-fractionation of individual
peaks. Exoglycosidase digestion results in characteristic peak shifts whose
magnitude depends on the nature and the number of monosaccharides removed.

Figure 5 shows the complete exoglycosidase digestion scheme for the
NISTmAb (34). Treatment of the glycans with sialidase resulted in the
disappearance of the peak at GU = 8.01 and a corresponding increase in the peak at
GU = 6.22. The observed GU-shift of approximately 1.8 is indicative of the loss of
N-glycolylneuraminic acid (Neu5Gc), so the peak at GU = 8.01 must be a glycan
with one terminal Neu5Gc (Figure 5, trace (ii) to (iii), shift marked with a dotted
arrow). The glycan pool obtained after sialidase treatment was then sequentially
digested with α-galactosidase, fucosidase, galactosidase, and hexosaminidase,
resulting in one single peak at GU = 4.38, consistent with the elution position of
the putative N-linked core. The detailed analysis of all GU shifts allows for rapid
annotation of the glycan peaks from the NISTmAb. Through utilization of the
GlycoBase database and serial exoglycosidase digestion, all peaks above 0.5%
of the total peak area were assigned as a specific glycan species (Figure 3 and
Table 1).

Qualification of Glycan Assays for Process Optimization Support

International Conference on Harmonisation (ICH) guideline Q2(R1)
discusses performance parameters that should be considered during the validation
of analytical methods used for commercial product release (35); however, specific
ICH guidelines do not exist for qualifying an analytical method used during the
development phases of a molecule’s lifecycle. Nonetheless, it is an industry
expectation that product quality assays are qualified to demonstrate acceptable
method performance for their intended purpose consistent with the product’s
phase of development.

For the purposes of this chapter, a complete method qualification was not
performed; however, repeatability was evaluated. NISTmAb samples were
prepared and analyzed on 6 separate days using the NIBRT glycomics platform
and repeatability was assessed with regard to relative peak percentage areas,
retention time, and GU values. Each of the qualification target acceptance criteria
for repeatability were met, as demonstrated in Table 2. This limited qualification
demonstrates the repeatability of an automated glycan mapping platform that is
suitable for monitoring N-linked glycosylation for process support.
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Table 2. Performance Characteristics for NISTMonoclonal Antibody (mAb)
Sample Run on Automated Glycomics Platform

Performance
Characteristic Qualification Target Qualification Result

Relative peak area standard
deviation ≤ 0.4% for all
identified peaks ≥ 0.5% of

the total peak area

Standard deviation ≤ 0.4%
for all identified peaks ≥
0.5% of the total peak area,
except the FM4A1G1 peak

Relative peak area
coefficient of variance ≤
10.0% for all peaks ≥ 0.5%

of the total peak area

Coefficient of variance ≤
10.0% for all peaks ≥ 0.5%
of the total peak area, except

the FM4A1G1 peak

Precision-
Repeatability

Retention time coefficient of
variance ≤ 5% for all peaks
≥ 0.5% of the total peak area

Coefficient of variance ≤
5% for all peaks ≥ 0.5% of

the total peak area

GU standard deviation ≤
0.4% for identified peaks ≥
0.5% of the total peak area

Standard deviation ≤ 0.4%
for all peaks for identified
peaks ≥ 0.5% of the total

peak area

Peak Assignment
Accuracy

Relative percent difference
from theoretical GU unit ≤

5% for all species

Relative percent difference
from theoretical GU units

≤ 5% for all peaks

Through method qualification, appropriate system suitability and assay
acceptance criteria are typically established. To ensure that assay performance
criteria are met, a standardized sample sequence is suggested. Table 3 highlights
a suggested sample sequence used for running test samples to support process
optimization. Two positive controls, a working in-house reference standard and a
dextran ladder, are purposefully placed within the sequence. Multiple injections
of the working in-house reference standard are dispersed throughout the sequence
to monitor system suitability and assay performance. The in-house reference
standard also serves as an intra-assay control against which test samples may be
evaluated. The ability to detect unexpected peaks is an important component in
the development of a quantitative purity test to monitor process consistency. A
dextran ladder is incorporated into the sample sequence to aid in the identification
of a new peak if one is detected above an established threshold. The NISTmAb
reference material also may be incorporated into such a workflow as a platform
system suitability metric. Such an external control would ensure that should
deviations occur, both sample preparation and instrument performance conform
to expectations for each experimental sequence and/or assist with troubleshooting
various parameters.

196

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
4

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Table 3. Suggested Sample Sequence for Routine Sample Testing Using
the Automated Glycomics Platform

Description
Number of
Injections

Water Injection 2

Reagent Blank Injection 1

Dextran Ladder 1

Working In-House Reference standard (initial) 3

Samples 1 to 20 1

Working In-House Reference standard (bracketing) 2

Dextran Ladder 1

Samples 21 to 40 1

Working In-House Reference standard (bracketing end) 2

Dextran Ladder 1

Detailed Glycan Characterization Workflow for
Marketing Application

Tremendous analytical resources are allocated to determining
comprehensively the biochemical, biophysical, and biological function
and structure of a recombinant mAb biotherapeutic. This expansive body
of work is encapsulated within the elucidation of structure section of the
marketing application for the product. N-linked glycosylation imparts structural
heterogeneity to the two CH2 domains in the Fc of mAbs. Due to the potential
biological and pharmacokinetic impact that certain glycan moieties can exert
on the mechanism of action and clearance of a product, the quantitation and
sequencing of individual glycan species is necessary. In this section, we outline
a detailed glycan characterization workflow purposed for data collection slated
for the use in a marketing application.

Using the NISTmAb reference material as a surrogate mAb therapeutic, the
following glycoanalytical workflows (for which detailed methods are described in
Appendix B) will be discussed:

• Tryptic peptide mapping to identify and determine the occupancy level
of the N-linked glycosylation consensus site.

• Species identification and quantitation using HILIC with fluorescence
and on-line mass spectrometry detection.

• HILIC peak fractionation followed by second dimension reversed-phase
liquid chromatography with fluorescence and on-line mass spectrometry
for detection and quantitation of co-eluting species.
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• Permethylation followed by sequential mass spectrometry (MSn) for
structural confirmation and linkage analysis of each HILIC peak fraction.

• Strategic exoglycosidase treatment followed by HILIC with fluorescence
and on-line mass spectrometry detection for orthogonal structural
confirmation and linkage analysis.

• Weak anion exchange (WAX) chromatography followed by HILIC with
fluorescence for identification and quantitation of low-abundance acidic
glycan species.

Site Determination and Occupancy

The NISTmAb underwent enzymatic deglycosylation using peptide
N-Glycosidase F (PNGase F) followed by denaturation, reduction and alkylation,
and subsequent digestion by trypsin. According to the NISTmAb theoretical heavy
chain sequence, a single conserved N-glycosylation site, N300ST, exists in each of
the CH2 domains. The tryptic peptide TH(296-304) (EEQYNSTYR) contains the
only site with an N-glycosylation consensus sequence, Asn-Xaa-Ser/Thr. PNGase
F is an amidase which cleaves high mannose, hybrid, and complex glycan moieties
between the reducing terminal N-acetylglucosamine residue of the N-glycan
and the side-chain of the asparagine residue in the peptide backbone (36). A
byproduct of the enzymatic cleavage is the conversion of asparagine to aspartate,
leading to a nominal mass shift of 1 Da in the deglycosylated TH(296-304)
peptide (EEQYDSTYR). After PNGase F treatment, the TH(296-304) peptide
exists as the following: (1) aglycosylated TH(296-304), which naturally lacks
glycosylation; and (2), deglycosylated TH(296-304), which lacks glycosylation
due to enzymatic removal. The nominal mass shift between these analogous
peptides allows for N-linked site determination and relative quantitation of
N-linked site occupancy based on mass spectral peak integration.

The NISTmAb peptides generated from tryptic digestion with and without
PNGase F treatment were subjected to a high resolution/accurate mass peptide
map analysis to confirm the N-glycosylation attachment sites and determine the
percent site occupancy. The instrument method was set up in a data-independent
fashion in which the mass spectrometer software drives the data acquisition.
For example, as the chromatographic separation occurs, the mass spectrometer
sequentially cycles through three scan modes: (1) first-order MS survey scan; (2)
zoom scan on the nth-most abundant species in the first-order survey scan; and
(3) gas-phase dissociation (i.e., MS/MS fragmentation) of the selected species.
A criterion was established in which the mass accuracy error tolerance between
the theoretical and empirical peptide masses had to be ≤ 10 ppm to trigger
MS/MS fragmentation. High-resolution/accurate mass data easily identified the
aglycosylated and deglycosylated TH(296-304) peptides with better than 10
ppm mass accuracy (Table 4). The MS fragmentation results shown in Figure
6 confirm the presence of an Asp residue corresponding to the site where the
N-glycosylated Asn300 of the heavy chain resided prior to PNGase F treatment.
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Table 4. Theoretical and Observed Peptide Masses for the Deglycosylated
and Aglycosylated TH(296-304) Peptide

Peptide
Theoretical
Mass†

Theoretical
m/z

[M+2H]2+
[M+1H]+

Observed
m/z

Observed
Mass†

Mass
Accuracy
(ppm)

595.2596 595.2578 1188.5000 4.00Aglycosylated
TH(296-304) 1188.5047

1189.5120 1189.5087 1188.5009 3.22

595.7516 595.7499 1189.4842 3.83Deglycosylated
TH(296-304) 1189.4887

1190.4960 1190.4916 1189.4838 4.14
† Denotes monoisotopic mass.

Figure 6. Tandem mass spectrometry (MS/MS) higher energy collisional
dissociation (HCD) spectrum of the deglycosylated TH(296-304) peptide

confirming the sequence position of the N-glycosylation site at Asn300. The red
N denotes conversion of the Asn to Asp as a result of N-glycosidase F (PNGase

F) release. (see color insert)

The exceptional dynamic range (> 5000 relative ion intensity) and resolving
power of the Orbitrap enables a peptide ion to be distinguished from noise
and its mass accurately measured at a level of 2 to 3 signal-to-noise (S/N)
(37). As such, low-abundance or suppressed co-eluting species, such as the
aglycosylated TH(296-304) peptide, can be confidently identified. However,
the 13C isotopes of the aglycosylated peptide cannot be spectrally resolved
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from the deglycosylated monoisotope and may result in inaccurate quantitation.
Chromatographic resolution of the two species is therefore important for accurate
quantitation via extracted ion chromatograms (EICs). The extent of occupancy of
the N-glycosylation site at Asn300 was determined from the LC-MS-based tryptic
peptide map following deglycosylation with PNGase F. Figure 7 demonstrates
baseline chromatographic resolution of the aglycosylated and deglycosylated
TH(296-304) peptides and, therefore, EICs can be used for accurate evalution of
percent site occupancy.

Figure 7. Extracted ion chromatogram of deglycosylated and aglycosylated
TH(296-304) peptide.

The percent occupancy of the N-glycosylation site was determined from the
absolute peak areas of the EIC traces (sum of 1+ and 2+ monoisotopic peaks)
for the aglycosylated and deglycosylated TH(296-304) peptides, as presented
in Figure 7. The calculation assumed that the ionization efficiency of the
aglycosylated and deglycosylated species were equivalent; in practice, given that
the aglycosylated peptide contains an Asn residue whereas the deglycosylated
peptide contains an Asp residue at position 300, the ionization efficiency of
the aglycosylated peptide is likely to be slightly higher than the deglycosylated
peptide. Accordingly, the proportion of aglycosylated peptide is probably slightly
over-reported. The calculated percentages demonstrate that the N-glycosylation
sites are approximately 99.0% occupied in the native NISTmAb. These values
are in excellent agreement with those reported in the Separation chapter/Volume
2, Chapter 5 using orthogonal capillary sodium dodecylsulfate electrophoresis
(cSDS) methods.

Although the NISTmAb contains a single consensus sequence in the
conserved Fc region of each heavy chain, glycosylation on the Fab region of
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the molecule may also be present. N-glycosylation can occur at low levels
(0.5 to 2.0%) on CH1 domain Asn residues not residing within a consensus
site motif (Asn-Xaa-Ser/Thr) (38, 39). This modification, commonly known as
non-consensus glycosylation, is present on both recombinant human IgG and
antibodies derived from human donors. The extent of non-consensus glycosylation
may be assessed quantitatively using reduced capillary electrophoresis based on
the number of occupied glycosylation sites (0, 1, and 2) (38, 39). Heavy chain
modified with both consensus and non-consensus glycosylation migrates to a
position past the putative heavy chain modified with only consensus glycosylation.
For the purposes of this chapter, non-consensus N-glycosylation of NISTmAb
was not pursued.

Species Identification and Quantitation

The use of high-throughput chromatography with fluorescence detection
alone is a powerful technique to monitor N-glycosylation for process support
and to annotate peaks based on the GU unit system; however, for the purposes
of product characterization, higher resolving chromatographic methods coupled
to mass spectrometric detection are necessary. Liquid chromatography/mass
spectrometry (LC-MS)-based methods provide exquisite sensitivity, rapid data
acquisition, and fundamental physical measurement-based analysis, enabling the
detection of low-abundance, co-eluting glycomers as well as structural isomers
that resolve on the LC. In addition, orthogonal mass spectrometry detection can
discriminate between a fluorescently labeled glycan species and a fluorescence
emitting sample artifact that elutes at the same chromatographic elution index (see
the LC-fluorescence detection [FLD]-MS/MSmethod development considerations
section, below). Significant effort is made to characterize the minor peaks in a
chromatographic profile for deeper product and process understanding. A glycan
characterization workflow with the capability of sequencing glycan species,
including co-eluting structural isomers at ≥ 0.1% of the total chromatographic
peak area, will be discussed in the next section.

Figure 8 depicts the glycan characterization workflow used to identify
glycan species present on the NISTmAb. Briefly, N-linked glycans were
released enzymatically from the protein backbone using PNGase F, fluorescently
labeled, and chromatographically separated by HILIC with fluorescence detection
(Steps 1–2a; Figure 8). The back end of the chromatographic instrument was
coupled to an Advion Triversa Nanomate® operating in simultaneous LC fraction
collection/MS Nano-infusion mode (NSI-MS), infusing sample directly into an
ion trap mass spectrometer for preliminary glycan identification (Steps 2b-c;
Figure 8). Each collected HILIC fraction was enriched and subjected to both
off-line second dimension reversed-phase separation (LC-MS) to quantitate
co-eluting species and permethylated sequential mass spectrometry (NSI-MSn) to
sequence the glycan species (Step 3a and 3b; Figure 8). Although not shown in
Figure 8, strategic exoglycosidase treatment andWAXwere used as an orthogonal
confirmation of species assignment and quantitation of acidic species.
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Figure 8. Glycan characterization workflow used for product characterization
studies. Workflow steps include UPLC (ultra-performance liquid
chromatographic systems) HILIC (hydrophilic interaction liquid

chromatography) separation, MS (mass spectrometry), tandem mass
spectrometry (MS/MS), RP (reversed phase) separation, and NSI-MSn (sequential

MS Nano-infusion mode). (see color insert)

HILIC separation is the result of a polar stationary phase and mobile phases
with high organic and salt buffer content (40). The strongly retained polar glycans
are eluted with an increasing aqueous gradient. Fluorescently labeled glycans are
predictably retained according to the number and accessibility of polar hydroxyl
groups extending from the hexose constituents of the glycomer (41). Interestingly,
fucose and N-acetylglucosamine residues exhibit lower hydrophilicity compared
to hexose residues and contribute significantly less to on-column retention (40).
Due to the limited influence of fucose and N-acetylglucosamine residues on
retention, the opportunity for co-elution of species is possible using HILIC
chromatography. Often a low flow rate and extended elution period aids in
reducing the overlap of co-eluting species; therefore, an HILIC method with
a lower flow rate and extended elution period was used for detailed product
characterization. The fluorescent label 2-aminobenzoic acid (2-AA) was
used in this characterization workflow. The 2-AA label has been reported to
confer advantages such as an increase in reactivity in aqueous conditions to
improve sample workflow efficiency and an increase in fluorescence intensity
to improve chromatographic sensitivity for low-abundance glycan species (42,
43). Intriguingly, 2-AA affords even greater advantage with respect to mass
spectrometric analysis such as improved ionization efficiency in the negative
mode, allowing improved sensitivity for detection of low-abundance species
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and preferential deprotonation of the reducing termini, promoting sequential
disassembly from the nonreducing termini to the reducing termini and allowing
for improved glycan sequencing (17, 44–49). Figure 9 depicts the fluorescence
profile of released 2-AA labeled glycans from the NISTmAb.

Figure 9. Representative zoomed glycan map of NIST IgG1. (see color insert)

The compositions of species in the N-linked glycan map (Figure 9) were
determined by coupling the outlet of the chromatographic instrument to an LTQ
Velos Pro ion trap mass spectrometer via the Advion Triversa Nanomate Nano-
electrospray source set in LC mode. Composition assignments for the observed
m/z were made using the theoretical mass values of non-specific monosaccharide
residues: hexose (H), N-acetylhexosamine (N), deoxyhexose (F), and Neu5Gc
(Sg). The identification of each peak composition ≥ 0.1% of the total peak area is
summarized in Table 5.

The percent relative abundance value for individual glycan species are
slightly different between the higher resolving HILIC map used for product
characterization compared to the high-throughput HILIC map, mentioned in
the previous section, used for process support. These discrepancies can be
accounted for by the differences in elution gradient and mobile phase content
that result in the co-elution of species. For example, in the high-throughput
map, FA1 and A2, co-elute, whereas FA1 and A2 are well-resolved in the
product characterization HILIC map (Figures 2 and Figures 14, respectively),
leading to the discrepancy in the species quantitation between the two methods.
Importantly, the high-throughput map is used as a precision-based assay to
monitor process consistency, whereas the higher resolving map is used for product
characterization. Each method is fit for its intended purpose.
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Table 5. Identification of N-linked Glycan Compositions ≥ 0.1% of the Total Peak Area

Peak
Label

Approximate
Retention
Time (Min)

% Peak
Area

Observed
Mass

Theoretical
Mass†

Mass
Accuracy
(ppm) Empirical Formula†

Proposed
Composition

Proposed
Structure‡

1 7.32 0.11 1177.50 1177.44 49 C47H75N3O31 H3N2F1-2AA FM3

2 7.78 0.35 1234.54 1234.46 63 C49H78N4O32 H3N3-2AA A1

3 9.60 1.81 1380.63 1380.52 78 C55H88N4O36 H3N3F1-2AA FA1

4 9.97 0.11 1437.64 1437.54 71 C57H91N5O37 H3N4-2AA A2

5 11.40 0.15 1565.72 1565.59 84 C63H99N5O40 H3N4F1-2AA-H2O FA2-H2O

6 11.74 38.06 1583.74 1583.60 87 C63H101N5O41 H3N4F1-2AA FA2

7 12.14 0.94 1355.61 1355.49 87 C53H85N3O37 H5N2-2AA M5

8 13.19 1.85 1542.71 1542.57 98 C61H98N4O41 H4N3F1-2AA FA1G1

9 13.43 0.35 1786.96 1786.68 159 C71H114N6O46 H3N5F1-2AA FA3

10 14.72 28.49 1745.78 1745.65 75 C69H111N5O46 H4N4F1-2AA FA2G1-a

FM4A2
11 15.20 10.11 1745.80 1745.65 87 C69H111N5O46 H4N4F1-2AA

FA2G1-b

12 15.54 0.10 1517.29 1517.54 166 C59H95N3O42 H6N2-2AA M6

13 16.25 0.45 1948.68 1948.81 64 C67H108N4O46 H4N5F1-2AA FA3G1-a
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Peak
Label

Approximate
Retention
Time (Min)

% Peak
Area

Observed
Mass

Theoretical
Mass†

Mass
Accuracy
(ppm) Empirical Formula†

Proposed
Composition

Proposed
Structure‡

FA1G1Ga1
1704.60 1704.62 9 C67H108N4O46 H5N3F1-2AA

FM4A1G114 16.65 1.15

1948.60 1948.81 106 C67H108N4O46 H4N5F1-2AA FA3G1-b

15 17.57 0.15 1721.14 1720.61 305 C67H108N4O47 H6N3-2AA M5A1G1

16 17.79 1.59 1907.76 1907.70 33 C75H121N5O51 H5N4F1-2AA FA2G1Ga1-a

17 18.05 7.14 1907.84 1907.70 74 C75H121N5O51 H5N4F1-2AA FA2G2

18 18.43 0.32 1908.14 1907.70 233 C75H121N5O51 H5N4F1-2AA FA2G1Ga1-b

19 19.35 0.60 2110.51 2110.78 127 C83H134N6O56 H5N5F1-2AA FA3G2-a

1849.78 1849.66 66 C72H115N5O50 Sg1H4N3F1-2AA FA1G1Gc1
20 19.64 1.04

2111.62 2110.78 396 C83H134N6O56 H5N5F1-2AA FA3G2-b

2053.34 2052.74 290 C80H128N6O55 Sg1H4N4F1-2AA FA2G1Gc1-a

1866.38 1865.66 384 C72H115N5O51 Sg1H5N3-2AA M4A1G1Gc121 20.65 0.21

1882.62 1882.67 29 C73H118N4O52 H7N3-2AA M5A1G1Ga1

22 20.90 1.53 2070.38 2069.71 325 C81H131N5O56 H6N4F1-2AA FA2G2Ga1

23 21.08 0.52 2053.42 2052.74 329 C80H128N6O55 Sg1H4N4F1-2AA FA2G1Gc1-b

24 22.19 0.48 2273.66 2272.84 359 C89H144N6O61 H6N5F1-2AA FA3G3

Continued on next page.
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Table 5. (Continued). Identification of N-linked Glycan Compositions ≥ 0.1% of the Total Peak Area

Peak
Label

Approximate
Retention
Time (Min)

% Peak
Area

Observed
Mass

Theoretical
Mass†

Mass
Accuracy
(ppm) Empirical Formula†

Proposed
Composition

Proposed
Structure‡

2215.54 2214.79 336 C86H138N6O60 Sg1H5N4F1-2AA FA2G2Gc1
25 23.68 1.41

2232.58 2231.81 343 C87H141N5O61 H7N4F1-2AA FA2G2Ga2

26 24.71 0.17 2435.80 2434.89 375 C95H154N6O66 H7N5F1-2AA FA3G3Ga1

27 25.95 0.45 2376.78 2376.85 31 C92H148N6O65 Sg1H6N4F1-2AA FA2G2Ga1Gc1

28 27.18 0.06 2614.38 2612.94 524 C101H164N6O72 H9N5-2AA FA3G3Ga2

29 29.33 0.07 2759.64 2758.99 237 C107H174N6O76 H9N5F1-2AA FA3G3Ga3
† Theoretical mass and chemical formula include the 2-aminobenzoic acid label (2-AA). ‡ Proposed structures are based on composition analysis and known
glycosylation biosynthetic pathways. Exact glycan structures have not been empirically determined at the time of publication. Structural isomers are noted
as -a and -b.

206

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
4

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Even with the higher resolving HILIC method, co-elution of species occurs.
As such, a second dimension chromatographic separation using UPLC-based
reversed-phase (RP LC-MS) chromatography was employed for the quantitation
of co-eluting species. Under RP chromatographic conditions, glycans elute in
a structurally related group pattern in the following order: (1) high mannose
species; (2) sialylated afucosylated hybrid and complex species; (3) afucosylated
hybrid species; (4) afucosylated complex species; (5) sialylated fucosylated
hybrid and complex species; (6) asialylo, fucosylated hybrid species; and
(7) asialylo, fucosylated complex species (18, 41, 50, 51). The orthogonal
chromatographic properties of the UPLC RP method were effectively utilized
to isolate the NISTmAb glycan species that co-elute under HILIC conditions.
Additionally, the mobile phases of the UPLC RP method, 0.1% formic acid and
acetonitrile with 0.1% formic acid, are highly compatible with on-line mass
spectrometric analysis compared to the HILIC mobile phases, which require a
higher salt content for adequate chromatographic separation (15, 41).

Peak 11 shown in Figure 9 and Table 5 will be used to exemplify the
ability of the analytical workflow to characterize and quantitate low-abundance
co-eluting species. Figure 10 depicts the positive and negative mode spectra
associated with Peak 11. The positive mode MS/MS spectrum product ions
m/z 1543.60 (neutral loss of a terminal HexNAc), m/z 1381.52 (neutral loss
of a Hex-HexNAc disaccharide), m/z 1258.43 (reducing end 2-AA labeled
Fuc-HexNAc disaccharide), and m/z 1178.43 (neutral loss of two HexNAc and
one hexose residue) are consistent with fragments originating from a FA2G1
structure represented as a cartoon in Panel A of Figure 10. The negative mode
MS/MS spectrum product ions m/z 790.762− (neutral loss of terminal hexose
residue), m/z 770.422− (neutral loss of terminal HexNAc residue), m/z 689.262−
(neutral loss of a Hex-HexNAc disaccharide), m/z 487.25 (reducing end 2-AA
labeled Fuc-HexNAc disaccharide), and m/z 364.17 (terminal Hex-HexNAc
disaccharide) are consistent with fragments stemming from a FA2G1 structure
and further corroborate the presence of an FA2G1species eluting at Peak 11
(Panel B, Figure 10).

When evaluating MS/MS spectra, it is important to probe for product ions
that are not compatible with fragments originating from the dissociation of
the proposed structure. The presence of aberrant product ions may indicate
the existence of a co-eluting structural isomer. For example, in Panel A of
Figure 10, product ions m/z 1340.52 (neutral loss of two terminal HexNAc
residues) is inconsistent with the proposed FA2G1 structure but do, however,
align with fragment ions stemming from a glycan species having two terminally
exposed HexNAc residues. Monomer rearrangement has been reported when
disassembling neutral glycan species under positive mode, protonated, low-energy
collision-induced dissociation (CID) conditions. As such, m/z 1340.52 may be
an artifact of gas-phase rearrangement. Interestingly, monomer rearrangement
has not been reported under negative mode, deprotonated, low-energy CID
conditions. The negative mode CID spectrum of Peak 11 contains the doubly
deprotonated product ion, m/z 669.622− (Panel B of Figure 10). This corresponds
to the neutral loss of two terminal HexNAc residues, suggesting that a structural
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isomer having two terminal HexNAc residues co-elutes with FA2G1 in Peak 11,
which is further confirmed with orthogonal techniques below.

In addition to positive and negative ionization modes, data confirmation using
orthogonal methodologies is important when evaluating low-abundance species.
In this workstream, we employed the use of exoglycosidases either individually
or in a specific combination to orthogonally verify the presence of low-abundance
glycans that were preliminarily detected by LC-MS methodologies. The
NISTmAb-released glycans were digested with β-(1-4)-galactosidase to identify
any potential glycan structures containing a terminal β-(1-4)-galactose residue
(Figure 11). Following β-(1-4)-galactosidase treatment, a minor residual peak
remained at the Peak 11 elution position. This information suggests either the
incomplete digestion of the putative FA2G1 structure, the digestion product of a
high-order glycan now eluting at the Peak 11 elution index, the presence of an
agalactosylated structural isomer unaffected by β-(1-4)-galactosidase treatment,
or a combination of the aforementioned. Next, the glycan pool was treated with
β-N-acetylhexosaminidase, which removes terminal β-N-Acetylglucosamine
residues. As shown in Figure 11, Peak 11 was completely reduced to baseline
after β-N-acetylhexaminidase treatment signifying the removal of terminal
N-acetylhexosamines from glycan structures residing at the Peak 11 elution
position. These exoglycosidase data, coupled with the MS data shown in Figure
10, suggest the co-elution of the putative FA2G1 structure and a structural isomer
containing two terminally exposed HexNAc residues.

Figure 10. Tandem mass spectrometry (MS/MS) positive (A) and negative (B)
mode spectra from hydrophilic interaction liquid chromatography (HILIC) Peak
11 with putative structure assignments shown. The peaks marked with an asterisk
represent product ions inconsistent with the putative structure. (see color insert)
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Figure 11. Overlay of NIST monoclonal antibody (mAb) glycan map with
and without β-(1-4)-galactosidase and β-N-acetylhexosaminidase treatment,

demonstrating the presence of co-eluting species. (see color insert)

The Peak 11 fraction was also enriched using the Advion Triversa Nanomate®
and then subjected to off-line second dimension RP chromatographic separation
coupled to a linear ion trap mass spectrometer. Figure 12 portrays the RP
separation of HILIC Peak 11 and demonstrates two distinct, highly resolved
peaks, labeled Peak A and Peak B, eluting at 13.71 minutes and 14.21 minutes,
respectively. The associated MS spectra from both Peak A and Peak B exhibit
a doubly deprotonated molecular ion [M−2H]2− species, m/z 872.13 and m/z
872.18, respectively, which is consistent with structural isomers composed of a
Hex4HexNAc4Deoxy1 composition (data not shown). The Peak A product ion, m/z
668.922−, corresponds to the neutral loss of two terminal HexNAc residues, which
is consistent with an agalactosylated structure, whereas the Peak B deprotonated
MS/MS spectrum exhibits a product ion distribution that is consistent with the
expected galactosylated FA2G1 structure (Figure 12). As such, the RP LC-MS
data demonstrates the co-elution of Hex4HexNAc4Deoxy1 structural isomers at the
Peak 11 HILIC elution index. Based on the relative proportion of the Peak A and
Peak B peak areas compared to the total RP peak area for both peaks multiplied
by the total HILIC percent area of Peak 11, it was determined that both isomeric
species exceed the experimental reportable criteria of ≥ 0.1% of the total HILIC
peak area used for the current study (Table 6).
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Figure 12. Second dimension ultra-performance liquid chromatography reversed
phase (UPLC RP) separation of hydrophilic interaction liquid chromatography
(HILIC) Peak 11 and tandem mass spectrometry (MS/MS) spectra of resolved

ions. (see color insert)
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Table 6. Hydrophilic Interaction Liquid Chromatography (HILIC) Peak 11
Co-Eluting Species and Relative Percentages

Species Name
UPLC RP
Peak Area

UPLC RP
% Area

HILIC
% Area†

HILIC Peak 11 9,151,265 N/A 10.11

FM4A2 394,381 4.31 0.44

FA2G1-b 8,756,884 95.69 9.67
†HILIC percent area for each glycan species was calculated based on the relative proportion
of the glycan ultra-performance liquid chromatography reversed phase (UPLC RP) peak
area to the total UPLCRP peak areamultiplied by the total HILIC percent area of Peak 11.

Numerous reports have shown that glycan permethylation followed
by nanospray sequential mass spectrometry (NSI-MSn) provides highly
informative spectral data suitable for structural elucidation (16, 51–67). In short,
several pertinent benefits of glycan permethylation with respect to structural
characterization include: (1) increased oligosaccharide ionization efficiency; (2)
increased abundance of diagnostic cross-ring fragments that can be utilized to
determine linkage position; and (3) upon fragmentation, terminal and internal
residues exhibit mass differences (14 Da) depending on the number of exposed
hydroxyl groups, commonly known as “scars.” Glycan structures are sequenced
by following diagnostic MSn precursor-product pathways. Table 7 lists the
fragments and associated mass values used for structure determination.

The Peak 11 fraction was purified, permethylated, and subjected to NSI-MSn
as a fourth tier of confirmatory characterization. The NSI-MSn precursor-product
pathway shown in Scheme 1was followed, and consistent with the putative FA2G1
glycan topology (Figure 13).

In this instance, the fully permethylated, doubly charged, sodium-adducted
parent ion (m/z 1106.1) was selected and subjected to CID, resulting in the
fragmentation pattern in Figure 13, Panel A. Successive rounds of isolation
and dissociation of specific product fragments at each subsequent step (as
shown in Figure 13, Panels B through F) indicate the manner in which a glycan
structure is sequentially determined. The formation of both glycosidic cleavage
and cross-ring product ions at each disassembly stage affords unambiguous
assignment of glycan structures.

Permethylation and MSn allows verification of many specific linkages
in the putative structures. For example, the fragment ion, m/z 486.3, from
the MS2 m/z 1106.12+ spectrum (Figure 13A) was selected for subsequent
MS3 analysis. Figure 14 exhibits the MS3 m/z 486.3 spectrum, representing a
terminal B2-ion disaccharide. Several product ions, m/z 241.1, m/z 259.1, m/z
268.1, and m/z 329—representing a B1-ion, C1-ion, B/Y-ion, and a 3,5A-ion,
respectively—are present and diagnostic of a 1-4-linked lactosamine extension.
Here we demonstrate that permethylation followed by NSI-MSn empirically
sequenced the FA2G1 topology and verified the terminal lactosamine linkage
without the need to leverage glycosylation biosynthetic understanding.
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Table 7. Ion Mass Values for Permethylated Fragments of Glycan Species
(16) (see color insert)

Scheme 1. NSI-MSn precursor-product pathway consistent with putative FA2G1
glycan topology. (see color insert)
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Figure 13. Sequential mass spectrometry (MSn) spectrum for putative FA2G1
structure from Peak 11 fraction. (see color insert)
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Figure 14. MS3 m/z 486 spectrum confirming a β-(1-4)-linked lactosamine
extension from the putative FA2G1 structure. (see color insert)

The aforementioned MSn pathways are diagnostic of the position of each
monomer and the linkage position of the terminal galactose of the lactosamine
extension, confirming the FA2G1 topology. Unfortunately, under low-energy
CID conditions, permethylated glycans exhibit a labile cleavage when HexNAc
residues are on the non-reducing side of a glycosidic bond. As such, cross-ring
fragments are not present at levels that are indicative of lactosamine antennal
placement. To determine lactosamine antennal position, the purified fractions
for Peaks 10 and 11 were subjected to exoglycosidase treatment consisting of
a combination of hexaminidase and α-(1-3)-Mannosidase and a combination of
hexaminidase and α-(1-6)-mannosidase. Exoglycosidase treatment demonstrated
that HILIC Peak 10 represents a FA2G1 structure contains a terminal HexNAc
residue adorned to the α-(1-3) core mannose arm, whereas Peak 11 contains a
terminal HexNAc residue adorned to the α-(1-6) core mannose arm (data not
shown).

Time constraints did not allow for the empirical sequencing of the
low-abundance structural isomer co-eluting in Peak 11. Although suggested by
preliminary data, it has not been conclusively determined that a species having
terminal HexNAc residues extending from a unique tetra-mannosyl fucosylated
core co-elutes with FA2G1. For convenience, we have named this structure
FM4A2. This unique tetra-mannosyl core structure has been previously reported
in biotherapeutic monoclonal antibodies by Ashline, et al. (16). The sequencing
of this isomer, as well as other unique glycan species, will be the subject of a
subsequent manuscript.

Evaluation of Non-Human Immunogenic Glycan Species

Today, most monoclonal antibodies are produced in mammalian expression
systems, such as Chinese Hampster Ovary (CHO) or Murine Myeloma (NS0) cell
lines (68). Although the glycosylation pattern of monoclonal antibodies generated
from these expression systems are highly similar to human glycosylation, humans
do not synthesize Neu5Gc-containing structures nor α-Gal containing structures
(69–71). Indeed, humans may produce an immunogenic response directed against
these terminal glycan moieties. For example, α-Gal-containing structures in an
Fab glycosylation site of cetuximab are thought to be responsible for elevated
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hypersensitivity reactions to this drug (72, 73). Due to potential immunogenicity,
special attention is given to the detection and quantitation of Neu5Gc and α-Gal-
containing glycans. Process control strategies may be implemented if appreciable
levels of these immunogenic species are detected.

Compositional mapping performed above (Table 5) indicated the presence
of five Neu5Gc-containing peaks in the 2-AA data. Targeted verification through
sialidase treatment followed by HILIC-F-MS/MS detection confirmed five peaks
representing Neu5Gc-containing species, shown as a reduction in fluorescence
intensity after treatment in Figure 15. The species assignment was based on
intact mass composition data, MS/MS fragmentation data, and knowledge of
the biosynthetic glycosylation pathways. Relative quantitation could not be
accurately determined form the current data due to the presence of multiple
neutral species co-eluting with the Neu5Gc-containing glycans.

Figure 15. Overlay of zoomed NIST monoclonal antibody (mAb) glycan
profiles with and without sialidase treatment demonstrating the presence of
N-glycolylneuraminic acid (Neu5Gc)-containing species. (see color insert)

More accurate quantitation of the 2-AA-labeled, Neu5Gc-containing
species could be achieved by fraction collection and off-line, second-dimension
chromatography. As an orthogonal workflow, WAX chromatography on a
2-AB-labeled sample prepared via the high-throughput platform was used for
this purpose. Figure 16 depicts the WAX chromatography used to separate and
quantitate neutral and charged 2-AB-labeled glycans. Neutral glycans constituted
98.3% of the NISTmAb glycome, whereas glycans with one negative charge (“S1
fraction”) accounted for 1.7% of the glycome.
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Figure 16. Weak anion exchange (WAX) fractionation of 2-aminobenzamide
(2-AB)-labeled NISTmAb glycans.

Table 8. Identification and Quantitation of N-Glycolylneuraminic
acid (Neu5Gc)-Containing Glycan Species Based on Exoglycosidase
Treatment of the Weak Anion Exchange (WAX) Chromatography

2-Aminobenzamide-Labeled S1 Fraction

Proposed
Structures†

Approximate
Retention
Time

Glucose
Units

HILIC % Peak
Area of S1 Fraction

% of
Total Glycan
Population

FA1G1Gc1 8.25 7.93 44.3 0.75

FA2G1Gc1-a 8.651 8.19 5.87 0.10

FA2G1Gc1-b 8.845 8.31 10.53 0.18

FA3G1Gc1 9.42 8.70 3.5 0.06

FA2G2Gc1 9.949 9.07 18.17 0.31

FA3G2Gc1 10.619 9.56 1.74 0.03

FA2G2Ga1Gc1 11.603 9.90 15.89 0.27

HILIC = hydrophilic interaction liquid chromatography. † Proposed structures are based
on GlycoBase assignment and known glycosylation biosynthetic understanding. Mass
spectral analysis was not performed to confirm identification.

To evaluate charged glycans in more detail, the S1 fraction was collected,
treated with sialidase, subjected to HILIC separation with fluorescence
detection, and glycan species-assigned using GlycoBase (Figure 17). Each of
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the Gc-containing peaks identified in Figure 3 were verified utilizing WAX
chromatography, including the very low-abundance species FA3G1Gc1 and
FA3G2Gc1. In addition, this orthogonal technique allowed resolution of the
FA3G1Gc1 peak, which co-eluted with other species in the original HILIC map
(Table 1 and Figure 3), allowing specific assignment of percent abundance for this
species. Table 8 depicts the seven low-abundance, Neu5Gc-containing species
found on the NISTmAb that were confirmed using exoglycosidase digestions in
conjunction with GlycoBase data.

Figure 17. Proposed structural assignments of charged 2-aminobenzamide
(2-AB)-labeled glycans from NIST monoclonal antibody (mAb). Top: reference
NISTmAb glycome; middle: singly charged glycans (“S1 fraction”); bottom: S1

fraction digested with ABS (Athrobacter ureafaciens sialidase).
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The NISTmAb 2AA glycans were digested with α-(1-3,6) Galactosidase to
identify any potential glycan structures containing terminal α-(1-3) galactose.
Following digestion with α-(1-3,6) Galactosidase, the HILIC glycan profile was
compared to a control sample. Ten peaks collectively representing 6.96% of the
total peak area in the map were detected as glycans with the terminal α-(1-3)
galactose epitope (Figure 18). In this case, no new α-Gal-containing species
were identified, but the data provides increased confidence in the identifications
listed in Table 5. Due to the co-elution of neutral, sialylated species and α-(1-3)
galactose-containing species, the percent total peak area (6.96%) is likely an
overestimate of α-(1-3) galactose-containing species. However, orthogonal,
second-dimension chromatographic analysis to more accurately quantitate the
relative level of α-(1-3) galactose present on the NISTmAb could be performed
as demonstrated for Peak 11 previously.

Figure 18. Overlay of NIST 2-aminobenzoic acid (2-AA) glycan profile with and
without α-(1-3,6) Galactosidase treatment. (see color insert)

According to percent relative abundance in the N-glycan profile of NISTmAb,
the major species are asialylated, bi-antennary, core-fucosylated species with
varying degrees of terminal galactosylation (83.51%), as expected for monoclonal
antibodies (Table 9). The second most prevalent type is α-(1-3)-galactose-capped
species (6.96%), followed by asialylated, mono-antennary, core-fucosylated
species (4.81%). Modest levels of tri-antennary species (4.37%) and
Neu5Gc-containing species (3.63%) are present, and low levels of afucosylated
(1.09%) and high mannose species (1.04%) exist. These relative percentage
grouping values are subject to variation depending on the chromatographic
condition used.
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Table 9. NIST IgG1 Glycan Grouping

Glycan Classification Groups % Glycosylation

Asialylated, bi-antennary core fucosylated complex
(A2GxF, where x = 0, 1, 2) 83.51

Asialylated, mono-antennary core fucosylated hybrid
(A1GxMyF, where x = 0, 1 and y = 3, 4, 5) 4.81

Tri-antennary glycans 4.37

High mannose (Mx, where x = 5, 6, 7, 8) 1.04

Afucosylated Complex and hybrid 1.09

Terminal β-(1-4)-galactosylated glycans 52.17

Terminal α-(1-3)-galactosylated glycans 6.96

Neu5Gc-containing glycans 1.70†

† Relative quantitation of N-glycolylneuraminic acid (Neu5Gc)-containing glycans is
based on the relative percentage of the weak anion exchange (WAX) chromatography
singly charged acidic fraction.

LC-FLD Glycosylation Mapping

Glycosylation mapping using fluorescent labeling of N-glycans along with a
liquid chromatography (LC)-based analytical method was a common workflow
component of each participating laboratory. Fluorescent labeling of glycans is a
stepwise process involving multiple chemical derivations and purifications, which
can result in minor sample preparation artifacts presented as low-abundance peaks
in fluorescence and total ion current chromatograms. During the development and
commercialization of biotherapeutics, the detection and analysis of minor peaks is
an expectation (74). Considering the widespread application of LC-FLD analysis,
an additional discussion of minor artifacts and sample preparation perturbations
that may influence their appearance is warranted.

A low-abundance sample consistent with dehydrolysis of the labeled glycans
was observed as a pre-peak fronting the major species FA2, FA2G1a, and/or
FA2G2 in the fluorescence chromatogram. This artifact is denoted as an asterisk
in Figure 3 and labeled peak 5 in Figure 9. When using mass spectrometric
detection, dehydrolysis artifacts yield a mass value consistent with the loss of
water (−18 Da) from the putative species. For example, Peak 5 exhibits an
observed compositional mass consistent with the FA2 species less a water, m/z
1565.72, compared to the putative FA2 species in Peak 6, exhibiting an observed
compositional mass of m/z 1583.74 (Table 5). The inclusion or exclusion of these
sample artifacts must be considered when quantifying glycan species. In addition,
the artifact may co-elute with low-abundance putative glycan species, leading
to failure to detect low-abundance species. Further optimization of labeling
conditions during method development may help reduce this common preparation
artifact. However, all three labs observed some degree of this artifact using their
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platform method as demonstrated in Figure 3 (Appendix A methods), Figure 9
(Appendix B methods), and Figures 19 and 20 (Appendix C methods), discussed
below.

Sample preparation artifacts may only be detectable using mass spectrometric
detection, and special consideration must be taken when mass spectral analysis of
labeled glycans is undertaken. Figure 19 depicts the MS base peak chromatogram
and fluorescence signals from an LC-MS experiment performed on 2-AB-labeled
glycans released from the NISTmAb using the Appendix C protocols. Figure
19a shows the 2-AB MS trace containing a set of three doublet peaks, labeled
nG0F/nG0F*, nG1F/nG1F*, and nG2F/nG2F*, which do not correspond to
fluorescent peak intensity. Further inspection of the parent mass indicates each of
these values—1464.58 Da, 1626.63 Da, and 1788.69 Da, respectively—is exactly
one Da greater than expected for unlabeled, enzymatically released FA2, FA2G1,
and FA2G2 glycan species. This one-Da shift corresponds to a fully reduced
glycamine formation at the reducing terminus. Interestingly, glycamines do not
contain an anomeric center, and, therefore, should co-elute as a single peak.
This doublet phenomenon can be explained by the base-catalyzed epimerization
of the reducing terminal monosaccharide at the C2 position from GlcNAc to
ManNAc. Such epimerization has been reported due to slightly basic conditions
during PNGase release (75, 76), however, injection of unlabeled reduced glycans
from the same preparation showed only free glycans (data not shown). The data
therefore indicate the glycamine species are formed as a byproduct of the labeling
reaction (43). Interestingly, resolution of epimers is not observed for the labeled
peaks, although, undoubtedly, terminal ManNAc and GlcNAc are labeled if they
are being formed. It is likely that the label dominates chromatographic selectivity
after labeling and causes co-elution of these isobaric species under the HILIC
conditions used for this experiment.

The identification of unlabeled and glycamine forms such as those observed
in the current experiment would go unnoticed without the addition of MS. It
should be noted that 2-AB labeling at 37°C—as opposed to 65°C—still showed
the doublet of the unlabeled glycamine peaks. The 2-AA labeling protocol also
yielded unlabeled glycamine products. However, in this case, the earlier eluting
isomer greatly predominates as opposed to a roughly equimolar content. Both
2-AB and 2-AA samples underwent the same protocol prior to labeling, indicating
the use of methanol with boric acid/sodium acetate in the 2-AA protocol limits
epimerization (77). Further experiments will be required to fully evaluate this
artifact.

The pursuit of labeling conditions that maximize incorporation of label
(reaction efficiency) and/or extraction protocols to remove unlabeled materials
have been the topic of many studies (78–82). Ultimately, these residual species
represent a potential difficulty with identifying low-abundance, labeled glycans
via mass spectrometry as they co-elute with low-abundance fluorescence peaks
and may suppress ionization. C18 solid phase extraction was added after the
HILIC cleanup in the current report to remove unlabeled glycan species (Figure
19B). These plots clearly demonstrate efficient removal of unlabeled glycamines,
and resulted in higher incidence of quality MS2 spectra for low-abundance species
for compositional assignment.
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Figure 19. Overlay of fluorescence and mass spectrometry (MS) signals for NIST
monoclonal antibody (mAb) glycoanalysis using 2-aminobenzamide (2-AB) label
(Appendix C) with (a) and without (b) post-labeling C18 solid phase extraction.

As mentioned previously, numerous labels, labeling conditions, and cleanup
protocols were examined in an effort to demonstrate a variety of factors that can
contribute to the glycoanalytical profiles. Figure 20 depicts the fluorescence
trace from representative LC-FLD-MS/MS analysis under a number of these
conditions. All labeling conditions demonstrated some level of unlabeled
glycamine species. A comparison of Figures 20a and 20c demonstrates the
difference in glycoprofile obtained under the current conditions with and without
the orthogonal C18 cleanup stage. While unlabeled glycamine species were
removed via C18, the apparent relative abundance of the glycoprofile is also
altered. A significant decrease in the apparent percent relative abundance of
Neu5Gc-containing peaks was noted, as demonstrated by a reduced apparent
relative abundance of peaks FA1G1Gc1, FA2G2Gc1, and FA2G2Ga1Gc1. Each
of the affected peaks are Neu5Gc-containing peaks, indicating that the additional
carboxylic acid resulted in weaker retention of sialylated glycans. The same
trend can also be seen by comparing profiles for 2-AA-labeled glycoprofiles
(data not shown) with and without C18 cleanup (Neu5Gc-peaks FA2G1Gc1-a,
FA2G1Gc1-b, and M4A1G1Gc1 also visibly altered in 2-AA data). Therefore,
although additional C18 offers benefits for compositional identification via mass
spectrometry, one must assess and/or optimize the protocol and any effect it may
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have on the apparent glycoprofile. In the current example, C18 cleanup along
with larger injection volumes was used for confident identification via MS/MS
spectra. Further analysis of the relative abundance of the glycoprofile was then
made based on profiles without the C18 step in order to minimize sample handling
artifacts.

Figure 20. Liquid chromatography-mass spectrometry (LC-MS) analysis using
the Appendix C labeling and analysis platform (a) at 65°C; (b) at 37°C; and (c)
at 65°C with an additional C18 extraction step. Expanded fluorescence signal
is shown to visualize low-abundance species, with glycan identification based
on MS and tandem mass spectrometry (MS/MS). Roman numerals represent

dehydrolysis artifacts discussed above.

The profiles in Figure 20a and 20b show labeling with 2-AB under different
temperatures. The profiles are quite comparable, with consistent retention times
and relative abundance of the individual species. Labeling temperature is a critical
factor to consider for throughput and potential loss of labile monosaccharides
(e.g., sialic acids) (82). In the current sample, loss of sialic acids due to elevated
labeling temperature does not seem to be a factor. All Neu5Gc-containing peaks
retain consistent relative abundances at each temperature. Therefore, 65°C
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labeling was chosen for further optimization due to the increased throughput.
It should be noted that the 2-AB, 65°C chromatogram does not have peaks for
FA3G3Ga2 and FA3G3Ga3 labeled. These peaks are very low abundance and
were readily detected with slightly larger injection volumes. Slight variability
in sample preparation likely results in their detectability in only one of the two
samples at the lower injection level (from 80 µg of mAb). Using the current
gradient and column, it was demonstrated that glycans released from up to 400
µg of mAb could be injected without significantly affecting resolution.

As described above, the use of LC-FLD alone is a powerful technique to
match glycan composition with relative elution times based on the GU unit
system. Recently, the development of fluorescence detector flow cells capable
of higher pressures has allowed the coupling of this technique directly with
orthogonal detection via mass spectrometry. Mass accurate m/z measurement
provides an orthogonal measurand for glycan identification; however, careful
optimization of mass spectrometer source conditions and data interpretation must
be considered as in-source fragmentation can commonly occur with released
glycans and their derivatives. In addition, glycans can ionize as a variety of
adducts and neutral exchanges (e.g., H+, Na+, K+, NH4+). For example, in the
current experiment, most glycans ionized predominantly as [M+H]+ or [M+2H]2+
species. However, larger glycans showed increased ionization with NH4+ adducts.
In fact, the tri-antennary species FA3G3Ga2, F2A3G3Ga2, and FA3G3Ga3 in
Figure 20 ionized predominantly as [M+NH4+H]2+. This shift in ionized species
is thought to be due to a combination of glycan size (and thus more available –OH
for neutral exchange) as well as the higher concentration of ammonium formate
in the late stages of gradient elution (ammonium formate in solvent A only). The
use of glycan fragmentation via MS/MS also affords increased confidence in
glycan compositional identification. For example, high abundance B3 ions can
be useful in confirming retention-based identification of isobaric species such as
FA2G2 versus FA2G1Ga1 or FA2G1Gc1 versus A2G2Ac1.

Selection of the label for compositional glycoprofiling (e.g., 2-AB, 2-AA) is
also a consideration when implementing glycoprofile mapping. The Appendix
C analysis methods were used to compare the NISTmAb glycan profile using
2-AA and 2-AB. The 2-AA-labeled glycans each showed a shift to slightly earlier
retention time but retained the same general elution order, as expected. Under the
Appendix C gradient conditions, 2-AA seemed to offer additional selectivity for
the resolution of peaks eluting at approximately 5 minutes. This is a potentially
important advantage as high-mannose glycans (e.g., M5) have been associated
with reduced ability to elicit complement-dependent cytotoxicity effector
functions, and may represent a CQA of interest during process development and
product quality testing. Ultimately, a variety of factors will be considered in
selecting a label for a given product, including ability to tailor chromatographic
resolution of critical glycans, MS compatibility, polarity-specific ionization
efficiency, and amenability to downstream platforms (44, 51, 78, 80, 82).
For example, 2-AA may be chosen if linkage analysis will be performed via
permethylation and mass spectrometry; 2-AB may be preferable, however, for
downstreamWAXmethods due to the additional charge on 2-AA. As discussed in
more detail below, it was found that a variety of LC methods, mass spectrometers,
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and labels (2-AA or 2-AB) can be utilized along with appropriate interpretation
to achieve consistent glycoprofiling results that are adequate for monitoring
glycosylation. The sample-specific method evaluation above highlights a select
few of the potential variables to consider when developing and implementing
glycan mapping methodologies to monitor glycosylation for process support and
product characterization workstreams. These variables may include label identity,
labeling reaction conditions, solid phase extraction steps, and chromatography
and mass spectrometry instrument setup.

Interlaboratory Comparison

In the previous sections, related methodology with variations in sample
preparation, analytical methodology, and interpretation approach was utilized by
three laboratories to evaluate the compositional glycoprofile of the NISTmAb.
Although LC-FLD and/or LC-FLD-MS/MS cannot alone delineate every aspect of
glycan structural heterogeneity (as demonstrated through the previous discussion),
it is one of the most common techniques (in addition to CE-laser-induced
fluorescence [CE-LIF] glycoanalysis) likely to be presented in a regulatory filing.
Differences between each approach in the current chapter included injection
quantity, reducing terminus label, and mobile phase composition and gradient,
although each laboratory used the same column chemistry. The differential
selectivity of the mobile phases resulted in slight variations in the isomeric
species identified in each laboratory. This can be clearly shown by comparison
of peaks 16, 17, and 18 in Figure 9 compared to the FA2G2 peak in Figure 3.
The 2-AA method (Figure 9) resulted in resolution of three isobaric species,
whereas the 2-AB method resulted in only one species identified. Lab 3 (Figure
21) utilized the same gradient as that which produced the chromatography shown
in Figure 3, except that Lab 3’s mobile phase B contained no ammonium formate.
This relatively small change in chromatographic conditions resulted in resolution
of the FA2G2 and one FA2G1Ga1 isomer. On the other hand, selectivity with
ammonium formate in mobile phase B (Figure 3) resulted in clear resolution of
FM5A1 fromM6 and FA3G1, which co-eluted in the Lab 3 data. Collectively, this
shows the effect of chromatographic selectivity with regard to glycan separations
and the need to tailor quality control methods for the detection and analysis of
specific glycans considered to be CQAs.

Despite minute differences in selectivity between analytical methods utilized,
a qualitative comparison of the various LC-FLD profiling methods can be made.
The Venn diagram in Figure 21 compares the putative structures resulting from
each laboratory’s qualitative analysis.

The sum of unique glycans identified by each laboratory represent less than
1% of the total glycan-containing peak fraction, and each individual unique glycan
represents at most 0.2% of the total relative abundance. These differentially
identified glycans probably represent an artifact of co-elution of species due to
differential selectivity of the chromatographic methods and analysis approach
utilized by each laboratory. The qualitative results indicate that the even in the
absence of harmonized sample preparation or analytical method, very highly

224

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
4

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



comparable results can be obtained with LC-FLD-MS analysis of released glycan
fractions, indicating such a method is a robust platform for glycan analysis.
Further harmonization of analytics would likely result in near complete agreement
(both qualitative and quantitative), and will be the topic of a future round-robin
characterization of the NISTmAb. It is expected that the NISTmAb will serve as
a representative reference material, useful for evaluating current and emerging
glycoanalytical methods (21, 22).

Figure 21. Qualitative comparison of compositional identifications made during
glycoprofiling. For clarity of presentation, the –a and –b isomers corresponding
to linkages to differential core antennae were summed as one composition, while

other isomeric pairs are labeled with an asterisk. (see color insert)

Conclusions

Using the NISTmAb reference material as a surrogate biotherapeutic, this
chapter described high-throughput glycan profiling using automated sample
preparation and HILIC with fluorescence detection to monitor changes in
N-glycosylation for process support. For recombinant mAb biotherapeutics, the
collection of N-linked glycan species is relatively constant, albeit the relative
proportions of the glycan species may differ greatly. This consistent population
of glycan species justifies the development of a single-platform, glycan-profiling
assay to support a mAb biotherapeutic pipeline.
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With advancements in column resin chemistries, UPLC systems, highly
sensitive fluorescence detectors, and high resolution/accurate mass spectrometers,
glycan species can be readily sequenced. A comprehensive, N-linked glycan
characterization workflow purposed for biological license application of mAbs
was outlined in this chapter. Although additional characterization is needed
to fully identify and sequence the entire NISTmAb glycome, the example
highlighted in this chapter outlines a workstream that easily sequences glycans
present on monoclonal antibodies, including low-abundance, atypical glycan
species.

Glycoanalysis is a unique analytical challenge due to the heterogeneity and
non-linearity of N-glycan structures, as well as the extensive sample handling
required for analysis. Glycoanalytical standards are of critical importance in
evaluating method comparability and commutability. Released and/or labeled
glycan standards are quite useful for assessing instrument robustness and
reproducibility, however, the complete system suitability includes all operations
of the analytical system, including sample preparation and handling. For this
reason, the intact NISTmAb reference material described in this chapter affords an
additional supplement to in-house reference standards for such system suitability,
operator training, and analytical method evaluation for glycoanalytical profiling.
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Appendix A: Methods for High-Throughput N-Linked Glycan
Profiling for Process Support

NISTmAb glycans were released, fluorescently labeled with either
2-aminobenzoic acid (2-AA) or 2-aminobenzamide (2-AB), and purified on a
liquid handling workstation, as described earlier (26). Briefly, NIST monoclonal
antibody (mAb) was reduced and alkylated, and excess reagents were removed
by ultrafiltration on a high-throughput ultrafiltration plate. N-linked glycans were
released using peptide N-glycosidase F (PNGase F) and recovered from the plate
by centrifuge ultrafiltration. Next, glycans were subjected to hydrazide-mediated
cleanup, labeled with 2-aminobenzamide, and purified by automated solid phase
extraction.
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Appendix B: Methods for Detailed Glycan Characterization
Workflow for Marketing Application

Materials
Peptidase N-glycosidase F (PNGase F), sialidase A, β-(1-4)-galactosidase,

and β-N-hexosaminidase was purchased from Prozyme (Hayworth, CA).
α-(1-3,6)-galactosidase was purchased from QA-Bio. Proteomics-grade trypsin
was purchased from Roche (Basel, Switzerland). The 2-aminobenzamide
(2-AB), 2-aminobenzoic acid (2-AA), ammonium hydroxide, anhydrous
dimethylsulfoxide (DMSO), dithiothreitol (DTT), ethylenediaminetetraacetic acid
(EDTA), small-bead sodium hydroxide, iodomethane, liquid chromatography-
mass spectrometry (LC-MS)-grade methanol, and sodium cyanoborohydride were
purchased from Sigma (St. Louis, MO). Guanidine hydrochloride was purchased
from VWR (West Chester, PA), 1 mol/L Tris buffer at pH 7.5 from TEKnova
(Hollister, CA), trifluoroacetic acid (TFA) from Pierce Thermo Scientific
(Rockford, IL), and formic acid from EMD Millipore (Billerica, MA). Boric acid
was purchased from Alfa Aeser (Ward Hill, MA), and sodium acetate-trihydrate
and glacial acetic acid from Avantor (Center Valley, PA). MacroSpin columns
were purchased from Harvard Appartus (Holliston, MA). Normal phase PhyTips
were purchased from PhyNexus (San Jose, CA). NAP-5 desalting columns
were purchased from GE Healthcare (Pittsburgh, PA). Burdick and Jackson
LC-MS-grade water and acetonitrile were obtained from VWR (West Chester,
PA). The SepPak tC18 SPE cartridges and Waters Glycan column were obtained
from Waters (Milford, MA). All references to water and acetonitrile throughout
this chapter refer to LC-MS grade. All other chemicals used were of reagent
grade or better.

Trypsin Digestion Used for N-Site Determination and Occupancy
Deglycosylated NIST monoclonal antibody (mAb) was denatured and

reduced for 30 min at 25°C in the presence of 7.5 mol/L guanidine HCl, 0.25
mol/L Tris, 2 mmol/L ethylenediaminetetraacetic acid (EDTA), and 10 mmol/L
DTT. The reduced sample was alkylated with 22 mmol/L iodoacetic acid at 25°C
for 30 min in the dark. The alkylation reaction was quenched with 0.5 mol/L
DTT. Prior to digestion, samples were desalted and buffer exchanged into 0.1
mol/L Tris, pH 7.5, digestion buffer using a NAP-5 gel filtration column (GE
Healthcare). The reduced and alklylated sample was incubated with 1:10 (w/w,
enzyme:protein) proteomics-grade trypsin (Roche, Basel, Switzerland) at 37°C
for 30 min. The digestion was quenched with the addition of TFA.

Reversed-Phase Chromatography/Mass Spectrometry for N-Site
Determination and Occupancy

An Acquity ultra-performance liquid chromatography (UPLC) system
comprised of a binary gradient solvent manager, an autosampler capable of
maintaining 4°C, a column compartment capable of maintaining 50°C, and a
UV detector set at 215 nm was coupled to an Orbitrap Velos Pro Ion Trap Mass
Spectrometer (Thermo Scientific; Waltham, MA) with a heated electrospray
ionization source (HESI). 2 µg of the digested samples were injected onto a
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Waters BEH130 C18 column (2.1 × 100mm, 1.7 µm) set at a constant temperature
of 50°C (± 2°C). The mobile phases used consisted of solvent A = 0.1% formic
acid and solvent B = 0.1% formic acid (v/v) in acetonitrile. Following injection,
reagents were eluted at 0.250 ml/min for 5 min at a composition of 1% mobile
phase B, then 10% mobile phase B gradually increasing to 40% mobile phase B
over 75 min, followed by 80% mobile phase B for 15 min, and then finishing with
1% mobile phase B for 15 min. The ion trap mass spectrometer coupled to the
UPLC was set up with data-dependent acquisition enabled.

Glycan Release and Fluorescence Labeling for Product Characterization
100 µg of NISTmAb were added to 6 µL of reaction buffer (250 mmol/L sodium
phosphate, pH 7.5) and 3.7 µL of LC-MS-grade water. 6 µL of PNGase F were
added to sample mixture. Samples were then incubated for 120 min (± 2 min) at
37°C (± 2°C) in a water bath. 20 µL of a 30 mg/mL solution of 2-aminobenzoic
acid prepared in an acetate-borate-buffered solution (4% sodium acetate trihydrate
[w/v], 2% boric acid [w/v]) and 30 µL ofmethanol were added to the sample digest.
The sample was incubated at 65°C (± 2°C) for 180 min (± 5 min). Samples were
cooled and then centrifuged. Excess dye was removed using the PhyNexus MEA
system and Normal Phase PhyTips (83). Samples were desalted on a tC18 SPE
cartridge to remove excess salts and unlabeled glycans. The tC18 cartridge was
washed with five sequential additions of 1 mL methanol. The cartridge was then
re-equilibrated with five sequential additions of 1 mL 0.1% (v/v) TFA in water.
The labeled sample was loaded onto the cartridge and washed with 5 sequential 1
mL volumes of 0.1% (v/v) TFA in water. The labeled glycans were eluted with
1.5 mL of 50% (v/v) acetonitrile containing 0.1% (v/v) TFA. Samples were then
dried to completion in a centrifugal evaporator and stored at −20°C until analysis.

Hydrophilic Interaction LiquidChromatography/Mass Spectrometry for
Product Profiling, Characterization, and Analysis

An Acquity UPLC comprised of a binary gradient solvent manager, an
autosampler capable of maintaining 4°C, a column compartment capable of
maintaining 50°C, and a fluorescence detector was coupled to an Advion Triversa
Nanomate® set in Fraction Collection/Infusion mode, which directly infused the
sample into an LTQ Velos Pro Ion Trap Mass Spectrometer (Thermo Scientific;
Waltham, MA). Dried, labeled sample was reconstituted in 15 µL of 50%
acetonitrile (v/v) in water and 2 µL of sample were injected. The excitation
and emission parameters were 360 nm and 425 nm, respectively. Separation
was conducted on a Waters Glycan column (100 mm × 2.1 mm i.d., particle
diameter 1.7 µm) at 50°C. The mobile phases used consisted of solvent A
= 100 mmol/L ammonium formate, pH 3.0, and solvent B = LC-MS-grade
acetonitrile. The gradient was delivered at a constant flow rate of 0.5 ml/min with
a starting composition of 22% mobile phase A and increasing to 50% mobile
phase A over 50.40 min, followed by 100% mobile phase A for 2.5 min at a
0.4 mL/min flow rate, and then finishing with 22.0% mobile phase A for 7 min
at a flow rate of 0.5 mL/min. The linear ion trap mass spectrometer was set
with data-dependent acquisition enabled, an isolation width window set at 2 m/z,
collision-induced dissociation set at 35 and with the activation Q at 0.250 for
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100 ms. The advantage of using the Nanomate® in fraction collection/infusion
mode is that it is collecting fractions while simultaneously nano-infusing a small
portion of the sample for mass detection. Five rounds of fraction collection
was undertaken and like fractions pooled and dried. The collected Hydrophilic
Interaction Liquid Chromatography (HILIC) fractions were then subjected to
off-line reversed-phase/MS.

Off-line, Second-Dimension Reversed-Phase/Mass Spectrometry for
Product Characterization

An Acquity H-Class comprised of quaternary pump solvent manager,
autosampler capable of maintaining 4°C, column compartment capable of
maintaining 50°C, and fluorescence detector was coupled to an LTQ Velos Pro
Ion Trap Mass Spectrometer (Thermo Scientific; Waltham, MA). The collected
HILIC fractions were reconstituted in 15 µL of 100% LC-MS-grade water and
2 µL of sample injected. The excitation and emission parameters were 360 nm
and 425 nm, respectively. Separation was conducted on a Waters BEH130 C18
(100 mm × 2.1 mm i.d., particle diameter 1.7 µm) at 50°C. The mobile phases
used consisted of solvent A = 0.1% formic acid and solvent B = 0.1% formic
acid (v/v) in acetonitrile. Following injection, reagents were eluted (0.3 mL/min)
with a 2-min isocratic composition flow at 6% mobile phase B, then a gradient
was delivered with a starting composition of 6% mobile phase B and increasing
to 14.4% mobile phase B over 28 minutes, followed by 95% mobile phase B
for 3.0 minutes, and then finishing with 6% mobile phase B for 8 minutes. The
linear ion trap mass spectrometer was set with data-dependent acquisition, an
isolation width window set at 2 m/z, collision-induced dissociation set at 35 with
the activation Q at 0.250 for 100 ms.

Desalting and Permethylation of HILIC Fractions for Product
Characterization

The tC18 cartridge was washed with five sequential additions of 1 mL
methanol. The cartridge was then re-equilibrated with five sequential additions
of 1 mL 0.1% (v/v) TFA in water. Individual pooled HILIC fractions were
loaded onto the cartridge and washed with 5 sequential 1 mL volumes of 0.1%
(v/v) TFA in water. The glycan fractions were eluted with 1.5 mL of 50% (v/v)
acetonitrile containing 0.1% (v/v) TFA. Glycan fractions were then dried to
completion in a centrifugal evaporator and stored at −20°C until analysis. The
desalted fractions were permethylated according to a previously reported method
(84) that was slightly optimized for 2-AA labeled glycans. Briefly, samples were
resuspended in 60% DMSO, 37.2% iodomethane, and 2.8% water. To reduce
partial permethylation, 15 sample recycles, as opposed to 8 sample recycles, were
used. Dried samples were reconstituted in 75% methanol.

Direct Infusion Nanospray Sequential Mass Spectrometry (NSI-MSn) of
Permethylated HILIC Fractions for Product Characterization

Sequential mass spectra were obtained from a linear ion trap mass
spectrometer (Thermo LTQ Velos Pro) equipped with a Triversa Nanomate®
(Advion, Ithaca, NY). Signal averaging was accomplished through adjustment of
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the number of scans relative to the ion signal strength. Isolation window width
was set at 1 m/z. Collision parameters were left at default values with collision
energy set at 35, activation Q set at 0.250, and activation time set at 30 ms.

Weak Anion Exchange (WAX) Instrumental Method for
Characterization of Glycans According to Charge

WAX-HPLC was performed on a 2795 Alliance Separation module with a
2475 fluorescence detector (Waters, Milford, MA), equipped with a Prozyme
GlycoSep C 7.5 mm × 75 mm column (Prozyme, Leandro, CA). Solvent A was
20% (v/v) acetonitrile in water, and solvent B was 0.1 M acetic acid adjusted to
pH 7.0 with ammonia solution in 20% (v/v) acetonitrile. The following elution
gradient conditions were used: 100% A for 5 min, then a linear gradient of 100%
to 0% A for 15 min at a flow rate of 0.75 mL/min, followed by 0% A for 2.5 min,
returning to 100% A for 1.5 min and then finishing with 100% A for 7 min.

Appendix C: Method for LC- Fluorescence Detection
(FLD)-MS/MS Method Development Sample Considerations

Materials
GlykoPrep H and CU solid phase extraction columns were purchased from

Prozyme (Hayward, CA). All other materials used are identical to those listed in
Appendix B.

Glycan Release
500 µg of NIST monoclonal antibody (mAb) (50 µL) were mixed with 14 µL

of 5X reaction buffer and 6 µL of peptide N-glycosidase F (PNGase F). Samples
were then incubated for 120 min (± 2 min) at 37°C (± 2°C) in a water bath.
GlykoPrep H cartridges were then used to purify released glycans from remaining
apoprotein. Cartridges were sequentially washed with 150 µL of water, 150 µL
50% (v/v) acetonitrile with 0.1% (v/v) trifluoroacetic acid (TFA), and 300 µL of
water. The released glycan sample was then added to the cartridge and rinsed
with an additional 300 µL of water. Glycans were eluted using 150 µL of 50%
(v/v) acetonitrile with 0.1% (v/v) TFA. Samples were then dried to completion in
a centrifugal evaporator and stored at −20°C until labeling.

2-Aminobenzoic Acid Labeling
2-Aminobenzoic Acid (2-AA) labeling solution consisted of 30 mg/mL 2-

AA dissolved in 4% (w/v) sodium acetate and 2% (w/v) boric acid in methanol.
Directly before labeling, 6.3 mg of sodium cyanoborohydride (NaCNBH3) were
added to 200 µL of the 2-AA labeling solution. Glycans from 500 µg of NISTmAb
were reconstituted in 20 µL of the 2-AA/NaCNBH3 solution and incubated for 65
min at 80°C. This solution was directly applied to GlykoPrep CU cartridges for
purification of labeled glycan as discussed below.
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2-Aminobenzamide Labeling
Labeling of each glycan sample (released from 500 µg of NISTmAb) with

2-Aminobenzamide (2-AB) was performed by reconstituting dried glycans in 10
µL of acetic acid/DMSO solution (3/7 v/v) containing 5 mg 2-AB/100 µL and
6 mg NaCNBH3/100 µL. Samples were allowed to incubate at 65°C for 2 hours
or 37°C for 17 hours. Each sample was then diluted with 190 µL of acetonitrile
and purified using GlykoPrep CU cartridges for purification of labeled glycan as
discussed below.

GlykoPrep CU Cleanup
Cartridges were washed with 150 µL of 97% acetonitrile. 2-AA- or 2-AB-

labeled sample was then added to the cartridge and rinsed with 300 µL of 97%
(v/v) acetonitrile in water. Labeled glycans were eluted using 150 µL of water,
dried to completion in a centrifugal evaporator, and stored at −20°C until analysis.
An additional C18 cleanup was performed (only where indicated below) according
to the protocol listed in the glycan release and fluorescence labeling for product
characterization sections above.

Instrumental Method
A Dionex UltiMate 3000 ultra-high-performance liquid chromatography

(UHPLC) system with fluorescence detection was coupled to an OrbiTrap Elite
mass spectrometer with heated electrospray ionization source (HESI-II) (Thermo
Scientific, Waltham, MA). Dried 2-AB or 2-AA samples were reconstituted in 250
µL of 80% acetonitrile. The samples were injected in volumes corresponding to
glycans released from 80 µg or 400 µg of NISTmAb. Separation was conducted
on a Waters Glycan column (150 mm × 2.1 mm i.d., particle diameter 1.7 µm) at
0.561 mL/min and 60°C. A binary gradient was used for the analytical separation
consisting of solvent A = 50 mmol/L ammonium formate (pH 4.4) and solvent
B = 0.1% formic acid (v/v) in acetonitrile. The gradient was delivered with a
curve factor of 6 and compositions of 70% B at 0 min, 70 % (v/v) B at 1.47
min, 55% (v/v) B at 15 min, 30% (v/v) B at 15.5 min, 30% (v/v) B at 16.25
min, 70% (v/v) B at 16.55 min, and 70% (v/v) B at 18.5 min. Flow rate was
set at 0.561 mL/min at all time points except at 16.25 min and 16.55 min when
the flow rate was set to 0.300 mL/min. Eluent was monitored at λexcitation = 330
nm (2-AB) or 360 nm (2AA), λemission = 420 nm (2-AB) or 425 nm (2-AA) and
then directed to the Orbitrap Elite. The mass spectrometer was set to collect
in a data-dependent mass spectrometry/tandem mass spectrometry (MS1/MS2)
collision-induced dissociation mode (CID = 35) with dynamic exclusion enabled.
SimGlycan software followed by manual verification was used for tandem mass
spectrometry (MS/MS) spectral glycan identification.
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Chromatographic and electrophoretic separation methods are
key tools for the characterization of monoclonal antibodies. The
objective of these methods for characterization is to resolve and
identify critical quality attributes. Several orthogonal separation
methods are often required in order to fully characterize the
critical quality attributes of a particular monoclonal antibody
preparation. Throughout this chapter, the use of separation
methods and orthogonal techniques for monoclonal antibody
characterization is demonstrated by the analysis of amonoclonal
antibody material available from the NIST. The analysis of the
material described in this chapter serves as characterization of
the material to enable its use as a standard and exemplifies the
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steps that may be taken to characterize a therapeutic monoclonal
antibody. Recent advances described in this chapter include
the use of high pressure systems in combination with small
particle size columns to accomplish rapid separations which
save time and reduce solvent consumption. In addition, the
use of software tools for the development and optimization of
methods is described.

Introduction

Separation methods have long been the key tools in characterizing proteins
such as monoclonal antibodies (mAbs) (1). Gel electrophoresis methods,
which have been used for several decades, provide a qualitative assessment
of antibody size variants and charge variants (2, 3). However, these methods
are difficult to convert to quantitative assessments, and identification of the
resolved variants by orthogonal methods is often complicated by the gel
matrix. Capillary electrophoresis methods with UV absorbance or fluorescence
detection provide superior resolution and quantitative assessment over the former
gel-based methods. However, identification of the resolved variants continues
to be challenging. Chromatographic methods are commonly used for mAb
separations both preparatively, in the large-scale purification of antibodies,
as well as analytically for the characterization and routine assessment of
antibodies. However, chromatographic methods may not have the resolution
of electrophoresis methods. The balance between resolution, quantitation, and
opportunity for isolation is ever-present during protein characterization, and a
combination of techniques is likely necessary during development.

A significant change in the use of separation methods for the characterization
of therapeutic mAbs has been imparted by the application of quality by design
(QbD) principles (4). In the past, separation techniques may have been used to
generate a chromatographic or electrophoretic profile that could be used as a
fingerprint for process consistency. Now, the focus of separation techniques is the
resolution and identification of critical quality attributes (CQAs), those attributes
that influence the purity, strength, and stability of the product (5). For mAbs,
fortunately, many of the CQAs are common to the molecular class, and thus the
focus of the characterization is similar from one antibody to another. For example,
in the analysis of charge variants, deamidated species may be more critical than
C-terminal variants, and therefore the focus of the separation technique may be in
assuring that the peaks containing deamidated species are well resolved, even at
the expense of resolution of the peaks containing C-terminal variants. Separation
techniques for hydrophobic variants, such as reversed-phase and hydrophobic
interaction, have been less commonly used for mAbs due to the limited resolution
of variant species from the intact antibody. However, these techniques can be
even more useful for resolving variant forms when the molecule is reduced to
light chain (L) and heavy chain (H) fragments, or cleaved into smaller segments,
such as F(ab′)2 and single chain Fc (scFc) fragments.
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The major types of chromatographic and electrophoretic techniques used for
the analysis of mAbs were applied to the NISTmAb material: cation exchange
HPLC (CEX-HPLC), size exclusion HPLC (SEC-HPLC), reversed-phase
HPLC (RP-HPLC), hydrophobic interaction chromatography (HIC), reduced
and non-reduced sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), reduced and non-reduced capillary electrophoresis with SDS
(CE-SDS), microchip electrophoresis with SDS (MCE-SDS), capillary zone
electrophoresis (CZE) and capillary isoelectric focusing (cIEF). The use of small
particle size columns for rapid resolution separations was also demonstrated
where possible. As is typical for therapeutic mAbs, several minor species were
resolved. Where possible, orthogonal techniques were used to characterize the
minor species, or those techniques that might be employed to identify the minor
species are described.

Due to the similarity in structure and size betweenmonoclonal IgGmolecules,
many of these assays are likely to be appropriate for a broad range of mAbs.
Ion exchange is an exception, because the mobile phase pH and gradient must
be individualized to a particular mAb because of its unique isoelectric point
(pI) and surface change distribution. HIC and RP-HPLC may also require some
optimization based on an individual IgG’s hydrophobicity. However, the columns
and mobile phase components are likely to be similar across these assays.

Methods

All analysis was performed using HumanizedmAb IgG1 Lot 3F1b, 10mg/mL
in 25 mM histidine from NIST (Gaithersburg, MD) stored at −80 °C. Sample was
used neat unless otherwise stated.

Size Exclusion Chromatography-HPLC

Reagents

Phosphate-buffered saline (50 mM sodium phosphate with 150 mM sodium
chloride [NaCl], pH 7.4) was obtained from HyClone (Salt Lake City, UT).

Sample Analysis

The analytical system consisted of anAgilent (PaloAlto, CA) 1260 quaternary
pump, Agilent 1260 ALS autosampler, and an Agilent 1200 Multiple Wavelength
Detector (MWD) absorbance detector. The mobile phase was phosphate-buffered
saline (see Reagents). A sample amount of 150 µg was injected onto a Tosoh
Bioscience (King of Prussia, PA) TSKgel G3000SWxl SEC column (30 cm × 7.8
mm i.d., particle diameter 5 µm) with a guard column at a flow rate of 0.400 mL/
min for 45 minutes at ambient temperature. Absorbance was detected at 280 nm.

239

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
5

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Size Exclusion Chromatography-Ultrahigh-Pressure Liquid
Chromatography

Reagents

Solutions of 0.5 M sodium phosphate monobasic, 0.5 M sodium phosphate
dibasic and 1 M NaCl were puchased from Fisher Scientific (Pittsburgh, PA).

Sample Analysis

The size exclusion-ultrahigh-pressure liquid chromatography (SEC-UHPLC)
analytical system consisted of a Waters (Milford, MA) H-Class Acquity system
with a quaternary pump, a flow through needle (FTN) autosampler, and a tunable
ultraviolet (TUV) detector. The mobile phase was mixed to 100 mM sodium
phosphate, 250 mM NaCl, pH 6.8 by delivery of a ratio of 7% sodium phosphate
monobasic, 13% sodium phosphate dibasic, 25% NaCl, and 55% water using the
four channels of the quaternary pump and the solutions in the Reagents section as
mobile phases. A sample amount of 60 µg was injected onto a Waters BEH SEC
column (150 mm × 4.6 mm i.d, particle diameter 1.7 µm) at a flow rate of 0.400
mL/min for 6 minutes at ambient temperature. Absorbance was detected at 280
nm.

Size Exclusion Chromatography with Multi-Angle Light Scattering

Reagents

Solutions of 0.5 M sodium phosphate monobasic, 0.5 M sodium phosphate
dibasic, and 1 M NaCl were puchased from Fisher Scientific (Pittsburgh, PA). The
solutions were blended to create a mobile phase of 100 mM sodium phosphate,
250 mM NaCl, pH 6.8.

Sample Analysis

The analytical system consisted of an Agilent 1100 binary pump, Agilent
1100 autosampler, Agilent 1100 diode array detector (DAD) absorbance detector,
Wyatt (Santa Barbara, CA) Optilab rEX refractive index detector (RID), and a
Wyatt DAWN® EOS multi-angle light scattering (MALS) detector. The MALS
processing software used was Astra v.6.1, also from Wyatt. The mobile phase
was 100 mM sodium phosphate, 250 mMNaCl, pH 6.8 (as described in Reagents,
above). A sample amount of 300 μg was injected onto two TSKgel G3000SWxl
SEC columns connected in series with a guard column at a flow rate of 0.500 mL/
min for 60 minutes at ambient temperature. The flow path was from the column
to the DAD detector, then to the MALS detector, and finally to the RID detector.
Throughout the run, absorbance at 280 nm and refractive index measurements
were recorded and transmitted to the Wyatt DAWN® EOS for integration into the
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Astra 6.1 software for analysis. An extinction coefficient of 1.42 mL·mg-1·cm-1

was used for all analyses.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

Reagents

NuPAGE® LDS Sample Buffer, NuPAGE® Reducing Agent, NuPAGE®
Antioxidant, Novex® Sharp Standard, and MOPS buffer were obtained from
Invitrogen (Carlsbad, CA). Brilliant Blue G-250, acetic acid, and 2-propanol were
obtained from Fisher Scientific (Fairlawn, NJ).

Sample Analysis

For both the non-reduced and the reduced samples, 6 μg of the sample
was mixed with NuPAGE® LDS Buffer (4×) and sterile water. For the reduced
samples, NuPAGE® Reducing Agent was also added during sample preparation.
The sample was then incubated at 70 °C for 10 minutes. Three μg of each sample
was loaded on to Novex NuPAGE® (4–12%) Mini Gels. Ten µL of Novex® Sharp
Standard was used as a reference for molecular weight. MOPS buffer was used
to fill the upper and lower chamber, and 500 µL NuPAGE® Antioxidant was
added to the upper buffer chamber. Gels were run at 200 V for 40 to 50 minutes.
Antioxidant was added to ensure that proteins remained in a reduced state during
electrophoresis.

Gels were fixed using a 10% acetic acid, 25% 2-propanol solution for at least
30 minutes. The Coomassie staining was performed overnight with a solution of
10% acetic acid and 0.006% Brilliant Blue G-250. De-staining was performed
with a 10% solution of acetic acid, replaced 2 times before taking a picture of the
gel.

Capillary Electrophoresis with Sodium Dodecyl Sulfate

Reagents

Potassium cyanide (KCN) and 3-(2-furoyl)quinoline-2-carboxaldehyde (FQ)
reagents were purchased from Molecular Probes (Eugene, OR). Monobasic
and dibasic sodium phosphate, citrate, dithiothreitol (DTT), β-mercaptoethanol,
iodoacetamide (IAM) and N-ethylmaleimide (NEM) were purchased from
Sigma-Aldrich (St. Louis, MO). SDS, sodium hydroxide (NaOH) and
hydrochloric acid (HCl) reagents were purchased from J.T. Baker (Phillipsburg,
NJ). Fused-silica capillaries were purchased from Polymicro Technologies
(Phoenix, AZ). Replaceable SDS-MW sieving gel was purchased from Beckman
Coulter (Fullerton, CA).
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Sample Analysis

The platform CE-SDS assay has been described in detail elsewhere (6).
In brief, the experiment was carried out on a Beckman-Coulter PA 800 Plus
instrument equipped with either a photodiode array (PDA) detector or a
laser-induced fluorescence (LIF) detector. The separation was performed with
a 31 cm long, 50 µm inner diameter bare fused-silica capillary (10 and 20 cm
effective length) filled with the Beckman SDS-MW sieving gel buffer. Samples
stored at 20 °C were injected at −5 kV and separated at −15 kV. Between
injections, the capillary was rinsed with 0.1 M NaOH, 0.1 M HCl, and purified
water at 70 psi for 5, 1, and 1 minutes, respectively. For UV detection, the
capillary cartridge was maintained at 20 °C, and protein was monitored at 214 nm
absorbance. For LIF detection, the capillary was maintained at 40 °C, and protein
excited with the 488 nm solid-state diode laser was monitored using a 600 nm
long-pass filter.

CE-SDS Sample Preparation for UV Detection

The NISTmAb was first diluted to 0.5 mg/mL with the CE-SDS sample
buffer (1% SDS in 0.04 M citrate-phosphate, pH 6.6) and mixed with either 40
mM IAM for non-reduced or 5% (v/v) β-mercaptoethanol for reduced conditions.
Denaturation was carried out at 70 °C for 5 minutes (non-reduced) or 10 minutes
(reduced).

CE-SDS Sample Preparation for LIF Detection

The NISTmAb was first prepared by buffer exchanging 300 µg of protein
into 0.1 M sodium phosphate, pH 6.7 labeling buffer. An aliquot of the buffer
exchanged sample was treated with 0.2% SDS and 16 mM NEM and heated for
5 minutes at 70 °C. Next, 150 µg of the SDS-complexed protein was mixed with
fluorogenic FQ at a dye:antibodymolar ratio of 25:1 and derivatized for 10minutes
at 50 °C in the presence of 1 mM KCN. The labeling reaction was quenched by
diluting the sample with a 1% SDS solution. The reduced sample was prepared
by mixing an aliquot of the quenched sample (non-reduced) with 50 mMDTT and
heating for 10 minutes at 70 °C.

Microchip Electrophoresis with Sodium Dodecyl Sulfate

Reagents

HT Glycan Protein LabChip kit was purchased from PerkinElmer (Waltham,
MA). Monobasic and dibasic sodium phosphate, DMSO, DTT, and IAM reagents
were purchased from Sigma-Aldrich (St. Louis, MO). SDS was purchased from
J.T. Baker (Phillipsburg, NJ).
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Sample Analysis

Analysis was performed with a PerkinElmer LabChip GXII system using
the vendor-supplied kit containing the HT High Resolution microchip, sieving
gel matrix, lower marker, wash buffer, and lyophilized dye (reconstituted to 1
mg/mL in DMSO before use). The microchip was prepared as recommended by
the manufacturer and controlled using the HT Pico Protein Express 200 script. The
pre-column labeling procedure was as follows: the NISTmAbwas first diluted into
25 mM sodium phosphate pH 6.7 labeling buffer before mixing with a 0.25% SDS
solution containing either 40 mM IAM (non-reduced) or 15 mM DTT (reduced),
and heated at 70 °C for 5minutes. Next, 70 µg of the SDS-complexed antibodywas
mixed with 5 µL of the dye working solution prepared at 0.2 mg/mL; the labeling
reaction was heated at 30 °C for 10 minutes. Denatured and labeled samples were
introduced to the microchip from the 96-well plate through a sipper vacuum. The
microchip was maintained at 30 °C throughout the experiment. Excitation and
detection wavelengths were 630 nm and 700 nm, respectively.

Reversed-Phase HPLC

Reagents

All materials were of HPLC grade unless otherwise noted. Trifluoroacetic
acid (TFA) and guanidine hydrochloride were purchased from Pierce/Thermo
Scientific (Rockford, IL). HPLC-grade water, n-propanol, and DTT were
purchased from Sigma-Aldrich (St. Louis, MO). IdeS, a streptococcal cysteine
proteinase with unique specificity for IgG molecules, cleaving just below the IgG
hinge, which is also known under the name FabRICATOR® IgG Protease, was
purchased from Genovis AB/Sigma-Aldrich (St. Louis, MO).

Sample Analysis

An Agilent 1260 HPLC composed of a binary pump (G1312B), auto-sampler
with cooling capability (G1329B) set at 5 °C, column heater (G1316C), and aDAD
(G4212B) was used. A Zorbax 300SB-C8 rapid resolution column (2.1 × 50 mm,
3.5 μm) from Agilent (Palo Alto, CA) was used.

Reduction of Disulfides

Samples were diluted to 1 mg/mL in a 300 mM Tris buffer at pH 8.0
containing 8.0 M guanidine hydrochloride. DTT was added to the samples to a
final concentration of 50 mM followed by incubation at 55 °C for 30 minutes.
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FabRICATOR® IgG Protease (IdeS) Limited Proteolysis

Samples were diluted to 2 mg/mL in a 300 mM Tris buffer at pH 7.5 and
digested using the FabRICATOR® manufacturer’s protocol.

TheNISTmAbwas injected neat (10mg/mL) onto the column at a protein load
of 30 μg for intact analysis and at a protein load of 20 μg for analysis of reduced
and limited proteolysis samples. The column temperature was 75 °C. The flow
rate was held constant at 0.50 mL/min. Mobile phase A (MPA) was composed of
5% n-propanol in water with 0.10% TFA. Mobile phase B (MPB) was composed
of 90% n-propanol in water with 0.10% TFA. Samples were injected at a loading
condition of 8% MPB. The gradient consisted of a rapid increase from 8 to 19%
MPB in 0.5 min, then a gradual gradient to 22%MPB in 7.5 min. A 0.5 min wash
step of 95% MPB followed, and then the column was equilibrated at the initial
condition. The absorbance was monitored at 215 nm.

Hydrophobic Interaction Chromatography

Reagents

The HIC method used for the NISTmAb used previously published reagents
(7).

Sample Analysis

The HPLC system used consisted of an Agilent HP 1200 quaternary HPLC
equipped with an Agilent MWD detector. A Dionex ProPac HIC-10 column
(Dionex, Sunnyvale, CA) was equilibrated in MPA, 1.0 M ammonium sulfate in
20 mM sodium acetate, pH 5.2. One hundred μg of protein diluted to 1 mg/mL
with MPA was loaded. The column was held at the initial conditions for 4 minutes
followed by a step to 20% MPB, where MPB was 20 mM sodium acetate, pH
5.2, for 5 minutes. Elution was achieved using a gradient to 60% MPB over 26
minutes. The column was operated at 0.5 mL/min, and detection used absorbance
at 214 nm.

Cation Exchange HPLC

Reagents

Mobile phases were prepared from the following reagents: sodium phosphate
monobasic monohydrate from Mallinkrodt (St. Louis, MO), NaCl from
Mallinckrodt (St. Louis, MO), and 10 N NaOH from J.T. Baker (Phillspsburg,
NJ). Carboxypeptidase was obtained from Roche Diagnostics (Indianapolis, IN).
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Sample Analysis

The analytical system consisted of an Agilent 1100 quaternary pump, Agilent
1329A ALS autosampler, Agilent 1314A variable wavelength detector (VWD)
absorbance detector, Agilent 1200 series 1160 A 12/13 solvent selector valve,
and Agilent 1200 series G1159A 6-column selector. The columns screened were:
ProPac®WCX-10 (4.0 × 250 mm, 10 µm), from Dionex (Sunnyvale, CA), BioPro
SP-F (4.6 × 100 mm, 5µm) from YMC Co. (Allentown, PA), Bio MAb NP-5, 4.6
× 250 mm, 5 µm from Agilent, and Antibodix WCX-NP5 (4.6 × 100 mm, 5 µm)
from Sepax Tech. (Newark, DE). The final optimized method used a protein load
of 10 µg on the BioPro SP-F column. MPA was 20 mM phosphate buffer, pH 6.7,
and MPB was 20 mM phosphate buffer, pH 6.7, with 0.5 M NaCl. The column
temperature was 35 °C. The column was held at an initial condition of 3% MPB
for 3 minutes, followed by a linear gradient to 23% MPB over 30 minutes. The
column was held at 23% MPB for 0.1 minute, ramped up to 99% MPB over 0.5
minutes, held for 3 minutes, ramped back down to the initial conditions over 0.5
minutes, and then equilibrated at the initial conditions for 3 minutes. The detection
wavelength was 215 nm.

The design of expereiments (DOE) software used was Fusion AE-LCMethod
Development Module from S-Matrix Corp. (Eureka, CA).

Capillary Zone Electrophoresis

Reagents

Described in He et al. 2011 (8).

Sample Analysis

The CZE assay has been described in detail elsewhere (8). In brief, separation
was performed on a Beckman PA 800 Plus instrument with a 31 cm long × 50
µm inner diameter bare fused-silica capillary (20 cm effective length) encased
in a thermally controlled compartment at 20 °C. The capillary was filled with
0.4 M ε-amino-caproic acid, 0.05% hydroxypropylmethyl cellulose, 2 mM
triethylenetetramine (TETA) running buffer, and adjusted to pH 5.7 with acetic
acid. Sample was injected at 0.5 psi for 10 seconds, separated at 30 kV, and
detected by UV at 214 nm. Between injections, the capillary was rinsed with
0.1 M HCl at 60 psi for 5 minutes before conditioning the capillary with running
buffer at 50 psi for 10 minutes. The NISTmAb was diluted with deionized water
to 1 mg/mL; an aliquot of the diluted samples was treated with carboxypeptidase
B (CpB) at a protein:enzyme ratio of 100:1, and incubated at 37 °C for 20 minutes.
Samples were stored at 10 °C in the autosampler.
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Capillary Isoelectric Focusing

Reagents

Described in references (9, 10).

Sample Analysis

The Beckman platform capillary isoelectric focusing (cIEF) assay has been
described in detail elsewhere (9, 10). In brief, experiments were performed on
a Beckman PA 800 Plus instrument with a 31 cm long × 50 µm inner diameter
neutral-coated capillary (20 cm effective length) thermally controlled at 20 °C.
The capillary was filled with the protein-ampholyte solution at 25 psi for 99
seconds before immersing the ends into the anolyte and catholyte solutions. The
sample was focused at 25 kV, and then mobilized across the detection window by
replacing the catholyte with 350 mM acetic acid at 30 kV. Absorbance of protein
was monitored at 280 nm. Between injections, the capillary was rinsed at 50 psi
with 4.3 M urea and water for 5 and 3 minutes, respectively.

The NISTmAb was diluted to 1.25 mg/mL with deionized water; an aliquot
was treated with CpB at a protein:enzyme ratio of 100:1 and incubated at 37 °C
for 20 minutes. The ampholyte solution was prepared by mixing Beckman cIEF
gel with urea, pH 3–10 Pharmalytes®, anodic and cathodic stabilizers, and two pI
markers. The final protein-ampholyte mixture was prepared by combining 40 µL
of either the native or CpB-treated sample with 160 µL of ampholyte solution, and
then stored in the autosampler at 10 °C.

Imaged Capillary Isoelectric Focusing

Reagents

Described in Li et al. (2007) and Sosic et al. (2008) (11, 12).

Sample Analysis

Charge Heterogeneity

The platform imaged capillary isoelectric focusing (ICIEF) assay has been
described in detail elsewhere (11, 12). In brief, the experiments were carried out on
a ProteinSimple ICE3 analyzer with a fluorocarbon-coated capillary cartridge (100
μm inner diameter). The anolyte was 80 mM phosphoric acid, and the catholyte
was 100 mM NaOH, both in 0.1% methylcellulose (MC). The capillary was filled
with protein-ampholyte mixture, and then focused at 1.5 kV for 1 minute, followed
by 3.0 kV for 10 minutes. An image of the focused charge variants was obtained
by passing 280 nm UV light through the whole 5 cm capillary and into the lens of
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a charge-coupled device (CCD) digital camera. Between injections, the capillary
was rinsed at 2000 mBar with 0.5% MC and deionized water for 3 and 1 minute,
respectively.

The NISTmAb was diluted to 1.25 mg/mL with deionized water. For the
CpB-treated sample, CpB was added at the dilution step at an enzyme-to-substrate
ratio of 1:100 followed by incubation at 37 °C for 20 minutes. The ampholyte
solution consisted of a mixture of 0.35% MC, 3% total carrier ampholytes (15%
pH 3–10 and 85% pH 8–10.5 Pharmalytes), and 0.2% pI markers 7.55 and 9.77 in
purified water. The final protein-ampholyte mixture was prepared by combining
40 µL of either native or CpB-treated samples with 160 µL of ampholyte solution
and stored at 10 °C in the PrinCE autosampler.

Determination of Apparent pI

The experiment was carried out using the same conditions and parameters as
the charge heterogeneity assay with the following changes. The NISTmAb was
diluted to 0.5 mg/mL with deionized water. The ampholyte solution consisted of
a mixture of 0.35% MC, 5% pH 3–10 Pharmalyte®, and 0.2% marker solution
containing eight pI markers in purified water. The sample was focused at 1.5 kV
for 1 minute, followed by 3.0 kV for 5 minutes. A standard curve was prepared by
linear regression analysis of the measure pixel number and the vendor-assigned pI
value for each marker.

Results and Discussion
Size Variant Analysis

The desired IgG product contains disulfide-linked light chain and N-linked
glycosylated heavy chain subunits (H:H:L:L), combining for an approximate
mass of 150 kDa. In addition to the desired product, mAb preparations typically
contain size variants, which include multimeric forms, such as dimer and higher
order aggregates, and smaller molecular weight forms, such as fragments, free
light chain, free heavy chain or partial molecules (e.g., half-bodies such as
H:L). Process-related impurities (PRIs), such as host cell impurities or cross
contamination of products produced in the same facility, may also be detected
as size variants in separation methods if present in sufficient quantity. However,
PRIs are generally not detectable in separation assays for mAb preparations of
acceptable purity. As regulators and health authorities continue to scrutinize
product fragments, aggregates, and host cell protein impurities, there is an
increased demand for detailed product characterization and control of these as
CQAs.

Aggregate forms are considered CQAs of particular concern in therapeutic
proteins, due to potential immunogenicity concerns (13). Therefore, the accurate
identification and quantitation of aggregates in mAb preparations is a key
objective of any characterization effort. Among the orthogonal size-based
separation methods commonly used in industry, SEC-HPLC is widely accepted
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as the primary tool for characterizing protein monomers and multimeric forms,
but is limited in capacity to resolve the various combinations of light chain and
heavy chain fragments observed in mAb products. In addition, mAb products
characterized by SEC-HPLC may appear as the intact form under the native
conditions employed by the assay. However, the native conditions of SEC-HPLC
are adventageous because it enables efficient collection of the resolved size
variants for characterization of biological activity through the appropriate potency
assay.

Lower molecular weight variants may be present in mAb preparations as a
result of protease activity or incompletely assembled complexes. Some lower
molecular weight size variants can be resolved under the native conditions of size
exclusion; denaturing SDS-PAGE or CE-SDS methods, however, are often more
useful for the measurement of smaller molecular weight components, because
some of these species may exist as non-covalent conplexes that co-elute with the
intact monomer. These methods can be run on reduced samples (detecting all
components in disulfide-bonded complexes) and non-reduced samples (measuring
the actual protein complex, including disulfide-linked incomplete assemblies
such as H:L or heavy-heavy-light species [H:H:L]). Unfortunately, the further
characterization of the varient forms resolved by SDS-PAGE and CE-SDS is
difficult due to the use of SDS as a denaturant because it interferes with many
assays and is difficult to remove from the sample. Therefore, given the distinct
capabilities of the various techniques, orthogonal methods are typically required
for characterization of size variants.

Size Exclusion Chromatography

SEC is a method where molecules in solution are separated by size or,
more specifically, by hydrodynamic radius. When applied to large molecules or
macromolecular complexes such as mAbs, the larger components of the sample
mixture, like aggregates, are excluded from the pores in the chromatographic
media and elute first, whereas the smaller components (e.g., fragments, free light
chain, heavy chain, clips) diffuse further into the pores and elute in subsequent
peaks according to size (14, 15).

In modern biotechnology laboratories, SEC is run in HPLC or UHPLC
mode (i.e., SEC-HPLC or SEC-UHPLC) under native or denaturing conditions
using specialized, high-performance systems. UHPLC, which operates under
the same principles as HPLC, is considered to be a step improvement in liquid
chromatography based on advances in particle chemistry performance, system
optimization, detector design, and data processing.

For antibodies, a SEC-HPLC chromatogram with good separation will
feature an antibody monomer elution peak with a symmetrical shape, and
allow resolution of higher molecular weight forms (i.e., aggregates) as either a
front-shoulder or distinct earlier peak relative to the main monomer peak. The
smaller forms of the antibody (if present) may also be apparent as either a trailing
shoulder or distinct peak following the main peak, although reduced SDS-PAGE
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or CE-SDS (described in sections following) are considered to be more sensitive
and informative methods to detect smaller forms.

In the SEC-HPLC analysis of the NISTmAb (shown in Figure 1), the major
peak elutes between 24 and 26 minutes, confirming that the product is largely
intact monomer. Aggregates, which would elute prior to the main peak, and lower
molecular weight species, which would elute after the main peak, are not detected
under these assay conditions. The asymmetrical monomer peak and the absence
of aggregates suggests that further optimization of the method may be required.

Figure 1. Size exclusion chromatography (SEC)-HPLC analysis of the NISTmAb.

The SEC-UHPLC analysis of the NISTmAb, shown in Figure 2 was
performed using a mobile phase with the same constituent components (sodium
phosphate and NaCl) but a different pH, as well as higher phosphate and NaCl
concentrations. Under these conditions, the main peak is evident at approximately
3 minutes. Aggregates are detected at 1.0% and elute slightly earlier, with 0.3%
low molecular weight species eluting later than the main peak. The system
peaks usually attributed to the sample matrix elute in the inclusion volume.
The resolved species can be characterized by on-line techniques such as MALS
(described in the following section) or may be collected for off-line analysis,
such as bioassays to determine the potency. Denaturing methods such as reduced
and non-reduced CE-SDS (see Capillary Electrophoresis with Sodium Dodecyl
Sulfate ) and RP-HPLC (see Reversed-Phase HPLC) can be used to determine
relative percentage of covalent and non-covalent multimers in a given SEC-HPLC
peak. For smaller molecular weight components, these techniques may be used
to determine the specific site of fragmentation, clipping, or the constituent chains
of partial molecules.
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Figure 2. Size exclusion chromatography (SEC)-UHPLC separation of the
NISTmAb with UV detection. The inset shows the full-scale profile.

Even relatively straightforward isocratic assays such as the SEC assays shown
in Figure 1 and Figure 2 may require optimization to obtain the best possible
resolution and recovery of mAb variants while minimizing assay-induced artifacts.
By raising the ionic strength or including low amounts of organic modifier in
the mobile phase, any non-specific interactions with the column stationary phase
may be reduced, thereby improving resolution of the aggregated species and the
tailing observed on the monomer peak (16). Additional characterization using
an orthogonal technique such as analytical ultracentrifugation (AUC), discussed
in the Biophysical chapter/Volume 2, Chapter 6, may be helpful in identifying
optimum assay conditions (17).

Size Exclusion Chromatography with Multi-Angle Light Scattering

On-line characterization of SEC-HPLC peaks is typically performed with
MALS (18, 19) and, more recently, Quasi-Elastic Light Scattering (QELS) (20).
On-line detection enables the characterization of non-covalent species that may
dissociate upon collection and off-line analysis. At this time, MALS and QELS
are generally run with SEC-HPLC with high protein loads in order to accurately
measure the low-level aggregate or low molecular weight species. In MALS
and QELS, light scattering from macromolecules undergoing Brownian motion
leads to destructive or constructive interference. In QELS, the time-dependent
fluctuations in the light associated with the interference are measured by a fast
photon counter. Information concerning the molar mass and hydrodynamic radius
of a sample can be derived from the intensity and angular dependence of the
scattered light (21–23).

As can be seen Figure 3, the material in the NISTmAb monomer elution peak
is consistently the same molar mass for the duration of the peak (indicated by
a consistently level black line from 32 to 36 minutes). The data derived from
MALS calculates the molecular weight of the antibody monomer as 147 kDa,
and the QELS calculates the hydrodynamic radius as 6.1 nm. Because the MALS
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calculation of monomer molecular weight is dependent on certain assumptions and
variables (e.g., solution refractive index), other methods (e.g., mass spectrometry
[MS]) should be viewed as more accurate for this purpose. On the other hand,
QELS is considered to be probably themost reliable and precisemethod tomeasure
hydrodynamic radius. The small amount of aggregate in the sample correlates well
to dimer at 270 kDa. The measured molecular weight of the smaller fragments was
139 kDa, although this value is likely an average of a mixture of species (see CE-
SDS and RP-HPLC sections for more detailed characterization of these species).
The low levels of the non-monomeric forms decreases the MALS accuracy, and a
combination of light scattering, refractive index, UV, and QELS data may need to
be leveraged for adequate characterization.

Figure 3. Size exclusion chromatography (SEC)-multi-angle light scattering
(MALS) analysis of the NISTmAb main peak. Molar mass at each point of the
eluate peak was deconvoluted by the MALS software. A nearly horizontal molar

mass signal indicates homogeneity in size distribution in the test article.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

SDS-PAGE has been used for nearly 5 decades for separating size variants
under denaturing conditions (2, 3). PAGE separates proteins according to
their electrophoretic mobility. Mobility in the gel is a function of the length,
conformation, and charge of the molecule. In the case of SDS-PAGE, the
negatively charged detergent SDS is added to the sample and then heated prior
to electrophoresis. This denatures the protein and allows binding of SDS to the
polypeptide chain. This imparts an even distribution of charge per unit mass,
thereby resulting in a fractionation by approximate size during electrophoresis.
In reduced SDS-PAGE, DTT or β-mercaptoethanol is added to reduce disulfide
bonds, breaking down protein complexes like antibodies into polypeptide
subunits.
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SDS-PAGE of antibodies is typically run in both reduced and non-reduced
formats, as shown in Figure 4 for the NISTmAb. The non-reduced format gives
a picture of the percentage of intact molecule (i.e., H:H:L:L). SDS-PAGE is
especially useful for the detection of incomplete complexes, such as H:L forms,
which are particularly problematic for IgG4, or other forms, such as H:H:L
species. It can also detect free light chains, as can be seen in the case of NISTmAb
in Figure 4, although the dectection of such species have also been reported to
be artifacts of sample preparation (24). Here again, method optimization may
be required. Further characterization of the resolved bands typically requires
excision from the gel slab, removal of the stain, and extraction of the protein from
the gel matrix (25, 26).

Figure 4. Reduced and non-reduced sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels for the NISTmAb.
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Reduced SDS-PAGE can also be used to evaluate the potential presence of
antibody-derived fragments or host cell protein components if individual species
are present at a sufficiently high level. Because all complexes have been broken
down, any species that is not the size of heavy chain or light chain is either an
antibody polypeptide fragment or host cell protein (albeit at a higher than usual
level). As can be seen in the case of NISTmAb, there are no SDS-PAGE detectable
fragments or host cell proteins.

Capillary Electrophoresis with Sodium Dodecyl Sulfate

In recent years, CE-SDS has been shown to be a reliable alternative for
the replacement of SDS-PAGE due to its inherent advantages, including the
use of a replaceable UV-transparent hydrophilic polymer as the sieving matrix;
automated instrumentation; high-throughput efficiencies; enhanced resolution
and reproducibility; and in-line detection capabilities with absorbance and
fluorescence detectors, allowing better and more accurate quantitation (27).
Because of these advantages, CE-SDS has gained tremendous usage from the
biopharmaceutical industry for control of both product- and process-related
impurities as they relate to size heterogeneity. Therefore, quality control strategies
often utilize CE-SDS in good manufacturing practice (GMP) batch release and
stability programs. Like SDS-PAGE, the CE-SDS profile, or electropherogram,
provides a characteristic fingerprint of the size variants produced during product
manufacture, including various combinations of light- and heavy-chain antibody
fragments (disulfide-linked subunits), non-specific polypeptide cleavages
products, non-dissociable high molecular weight aggregates, proteins produced
by the host cell, and cross contamination of products produced in the same facility
(28).

Although companies develop efficient manufacturing processes, including
several high-capacity purification steps, characterization of drug substance and
drug product materials often shows the presence of minor impurities related to
various antibody fragments or, in rare cases, proteins derived from the production
cell. The fragmentation fingerprint or peak profile of the NISTmAb observed
by CE-SDS with UV detection (Figure 5A) is consistent with those that have
been well characterized (24). Under non-reducing conditions, Peaks 1 through 5
of the NISTmAb profile correlate with fragment bands observed in SDS-PAGE
and are presumably identified as free subunits, such as free light chain and free
heavy chain, as well as disulfide-linked subunits, such as H:L, heavy chain dimer
(H:H), and heavy-heavy-light (H:H:L) species, respectively. Although sample
buffer pH and free-thiol alkylation have been shown to control reduction events
and prevent sample preparation artifacts (29), it still remains uncertain as to
how much of the observed fragments are induced through the relatively harsh
denaturing conditions during sample preparation. Non-reduced CE-SDS also
detects non-enzymatic hinge region fragmentation that generate free, ~50 kDa
species (e.g., Fab, Fc) and ~100 kDa species (e.g., desFab, F(ab′)2), but usually
migrate with size variants of similar molecular weight, heavy chain (Peak 2)
and H:H (Peak 4), respectively. Even smaller low molecular weight clips are
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detected in the region prior to the free L fragment (labeled as ∗). Peak 6 is
presumably the intact IgG minus this small clip species. Under optimal sample
preparation conditions, the NISTmAb contains about 2.5% total fragments (i.e.,
sum of peaks before the main peak), with about 97.5% intact IgG. It should be
noted that the UV detector has limited sensitivity with minor forms, such as
the high molecular weight aggregate forms that are typically separated in SEC.
High order aggregates can exist in covalent forms or forms loosely associated by
hydrophobic or electrostatic interactions. The latter generally dissociate at high
temperature during SDS-protein complexation in sample preparation. CE-SDS is
capable of separating covalent aggregates from the monomeric form, but these
aggregates are not observed in the NISTmAb by UV analysis. This may be due to
the challenge from the fluctuations observed in the baseline caused by absorption
characteristics of the proprietary SDS-MW gel. Thus, quantitation for UV profiles
should be reported with valley-to-valley peak integration.

Figure 5. Expanded-view size heterogeneity profiles of the NISTmAb as
determined by non-reduced capillary electrophoresis-sodium dodecyl sulfate
(CE-SDS) with (A) UV detection, and (B) laser-induced fluorescence (LIF)
detection. The capillary cartridge used in A and B was operated at different
temperatures, resulting in noticeable migration time differences. Antibody
fragments are labeled as peaks 1 through 6 and unknown (∗). The inset is the

full-scale profile.
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Enhanced sensitivity is achieved with pre-column fluorescent labeling
coupled with LIF detection. The use of 5-carboxytetra-methylrhodamine
succinimidyl ester (TAMRA.SE) as a fluorophore was first employed by the
biopharmaceutical industry due to its simple reaction with the abundant aliphatic
epsilon-amines of lysine residues present in recombinant antibodies (27). In
addition, the use of TAMRA.SEwas also shown to substantially improve detection
sensitivity while maintaining a genuine representation of the sample. Despite
these advantages, labeling proteins is time-consuming, and may accelerate protein
aggregation as hydrophobic moieties are added by each fluorophore molecule.
In recent years, fluorogenic reagents like FQ have gained much attention for
CE-SDS/LIF applications due to their distinct advantages in chemical structure
and fluorescence properties (6, 30). Because the free dye is weakly fluorescent
and migrates ahead of protein in the reagent peak, removal of the unreacted dye
after protein labeling is not necessary, thereby simplifying the protocol during
sample preparation. Furthermore, the use of FQ reagents has been shown to have
no impact on antibody aggregation, even at very high dye-to-protein molar ratios,
therefore improving the accuracy and method robustness in QC labs.

Advantages of LIF detection are illustrated in the profile of Figure 5B, which
shows the separation of FQ-labeled NISTmAb by CE-SDS under non-reducing
conditions. Compared to UV detection, the performance and quality of the
baseline with LIF detection is far superior and practically allows a single uniform
baseline for peak integration starting after the reagent peak until the end of the
aggregate peak. The combination of such baseline performance and the enhanced
detection sensitivity allowed the LIF assay to detect low-level aggregate forms
that were not observable with UV detection. Control of dye-related artifacts
was validated by comparing the fragment fingerprint between the UV and LIF
detection schemes. As shown in Figure 5, the peak patterns between UV and LIF
profiles were comparable, and no atypical or new fragment peaks were observed
in the LIF profile. In addition, data analysis of the LIF sample showed that
the NISTmAb contains 97.9% intact antibody and 2.0% total fragments, with
approximately 0.1% non-dissociable aggregates, which was comparable to the
relative peak distribution by UV, demonstrating that the process of dye labeling
was sufficiently controlled.

In order to better characterize the product purity, an aliquot of the prepared
non-reduced pool was denatured with an excess amount of DTT at high
temperature. This treatment effectively reduces both inter- and intra-chain
disulfide linkages, converting the product to its most basic forms, mainly free light
chain and free heavy chain, and any other low-level variants related to non-specific
polypeptide cleavage products. The CE-SDS profile of the reduced NISTmAb
is shown in Figure 6. It contains predominantly two main peaks combining for
98.0% of the total corrected peak area, each of which is consistent with the L and
H bands observed in by SDS-PAGE (Figure 4). The non-glycosylated heavy chain
(NGH) is smaller in hydrodynamic size compared to its glycosylated heavy chain
counterpart containing a single N-linked carbohydrate site. Reduced CE-SDS is a
practical and reliable assay that can accurately determine the percent occupancy
of N-linked glycosylation on the heavy chain, which is calculated as the ratio of
glycosylated heavy chain to the total amount of heavy chain variants based on
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percent corrected peak area (i.e., [%H]/[%NGH+%H]). The NISTmAb contains
99.2-99.3% glycosylated heavy chain (see Table 2). Non-reducible thioether
cross-links between the light chain and heavy chain subunits of recombinant
mAb products have been recently characterized (31). These non-reducible
forms are detectable by CE-SDS under reducing conditions. By UV detection,
approximately 1.0% of the NISTmAb has a non-reducible form of L-H dimer.
Finally, the pre-L (Peaks a and b in Figure 6B) and pre-H (Peaks c and d in Figure
6B) variants observed in the NISTmAb are likely a mixture of product fragments
that resulted from non-specific cleavage of the light/heavy chains. Extended
characterization, such as excising bands from an SDS-PAGE gel, should be
considered to confirm these species are not related to proteins produced by the
host cell during manufacture. In combination, these minor forms are present in
the NISTmAb at approximately 0.6%.

Figure 6. Expanded-view of the NISTmAb size heterogeneity determined by
reduced capillary electrophoresis-sodium dodecyl sulfate (CE-SDS) CE-SDS
with (A) UV detection, and (B) laser-induced fluorescence (LIF) detection. The
capillary cartridge used in A and B was operated at different temperatures,
resulting in noticeable migration time differences. Low molecular weight
fragments are labeled as peaks a through d. The inset is the full-scale profile.
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Product purity determined from LIF detection was comparable to that
observed from UV detection and resulted in orthogonal CE-SDS profiles under
reducing conditions (Figure 6B). The light chain and heavy chain peaks combine
for 97.0% of the total peak area, and approximately 99.2% of the heavy chain
was glycosylated.

A shoulder peak is observed on the trailing edge of the light chain, as shown in
the expanded view of Figure 7. This shoulder peak of the NISTmAb is consistent
with the shoulder observed in mAbs enriched with glycated light chain, which is
detected as a late-migrating peak in reducing CE-SDS that uses both UV and LIF
detection (32). Non-enzymatic glycation of endogenous protein occurs in vivo and
is commonly observed in therapeutic protein products, often widely distributed
among multiple lysine sites in both light and heavy chains (33, 34).

Figure 7. Light chain and glycated light chain variant observed in the NISTmAb
by capillary electrophoresis-sodium dodecyl sulfate (CE-SDS) with laser-induced

fluorescence (LIF) detection.

With the enhanced sensitivity and baseline performance of LIF detection
compared to UV detection, the detection of fragments and non-reducible species
was significantly improved. For instance, a higher level of the half-antibody
covalent dimer (H:H) was clearly detected. The improved signal-to-noise in LIF
detection enables users to assign approximate masses to the unknown fragment
Peaks a, b, c, and d (Figure 6B). The molecular weight for each fragment peak
was extrapolated from a linear fit of migration time and theoretical mass for L, H,
NGH and half antibody. Based on the calibration curve (r=0.998), estimates of
the molecular weights for Peaks a through d were calculated as 12, 14, 32, and 41
kDa, respectively. Additional information from an accelerated degraded panel of
the NISTmAb could be useful in the origin of these product related minor form
fragments.
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Microchip Electrophoresis with Sodium Dodecyl Sulfate

The linkage between critical process parameters and CQAs through QbD
is now firmly embedded in the biopharmaceutical industry, driving advances in
the manufacturing of therapeutic mAbs. Implementation of the QbD paradigm
provides significant process and product understanding, which is obtained
during process development, process characterization, and continuous process
verification (process validation). As a consequence, there is an increased demand
for high-throughput technologies capable of supporting the vast number of samples
generated from the multivariate designs employed in bioprocess, purification,
and formulation studies. In addition, screening studies in early development
often utilize scaled down production due to expensive costs of materials that
make it impractical to conduct cell culture runs at scale while maintaining good
environmental practices, thereby pressuring analytics to improve sensitivity to
accommodate much lower mass requirements. Although CE-SDS provides high
resolution of size variants, the time scale for capillary-based methods makes it
undesirable for high-throughput applications.

At 60 to 70 times faster than the speed of capillary methods, MCE-SDS can
meet the testing demands for QbD applications by providing faster separations,
lower mass needs, and higher sensitivity (35). In recent years, advances in
the manufacture of small diode lasers coupled with commercial instruments
such as the 2100 Bioanalzyer (Agilent Technologies) and the LabChip GXII
(PerkinElmer) have enabled development of sensitive applications for low
concentration samples (36). The advantages of MCE are illustrated for the
NISTmAb in Figure 8, showing the separation of size variants in less than 60
seconds on the LabChip system, compared to 30 to 35 minutes in CE-SDS.
Furthermore, higher resolution was achieved for Peak 6 with the microchip
compared to the separation in CE-SDS. It has been reported that the microchip
cross-T injector design facilitates injection of a well-defined narrow sample plug
of only a few hundred nanoliters, limiting band-broadening of the sample zones
during separation in the very short channel (37). Separation of the NISTmAb
under reducing conditions detected similar size variants as shown in CE-SDS,
including sufficient separation of the NGH variant. As a means to maximize
sensitivity, the NISTmAb was derivatized with the vendor- supplied fluorophore
using a custom labeling procedure, which generated signal-to-noise and baseline
performance similar to CE-SDS with LIF detection. Purity analysis by MCE-SDS
showed that the NISTmAb contained 98.2% intact antibody, 98.4% total light and
heavy chain, with 99.2% heavy chain glycosylation.

Results from this section demonstrate that values of the NISTmAb obtained
with three different methods gave comparable results for CE-SDS with UV
detection, CE-SDS with LIF detection, and MCE-SDS for both non-reducing and
reducing conditions.
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Figure 8. Size heterogeneity of the NISTmAb determined by microchip
electrophoresis with SDS (MCE-SDS) under (A) non-reducing, and (B) reducing
conditions. Antibody fragments are labeled as peaks 1 through 6 and unknown

(∗). Full-scale profiles are shown in the inset.

The quantitative results of the size variant analyses are summarized in Table
1 and Table 2. Higher and lower molecular weight species were detected by
SEC-UHPLC at 1.0% and 0.3%, respectively. No minor species were detected
by SEC-HPLC when run with a different mobile phase, suggesting that further
optimization of the SEC-HPLCmay be required. Biophysical analysis of the NIST
standard (Biophysical chapter/Volume 2, Chapter 6) confirms that a small amount
of higher molecular weight species is present in the NISTmAb; therefore, the
higher molecular weight species was likely not recovered under the SEC-HPLC
conditions used. CE-SDS and MCE-SDS with LIF detectors detected low levels
of aggregates (0.1 and 0.2%, respectively), indicating that a small portion of the
dimer detected by SEC-UHPLC is covalent but most is non-covalent. Smaller
molecular weight forms detected by CE-SDS with UV and LIF detection were
2.0-2.2% and 1.6% by MCE-SDS, considerably larger than the 0.3% detected
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by SEC-UPLC. Some of the smaller molecular weight forms detected by the
electrophoresis methods likely exist as non-covalent complexes and thus do not
resolve from the main peak by SEC-UHPLC under native conditions. Under
reducing conditions, the CE-SDS and MCE-SDS methods detected 0.4% to 0.6%
fragments in total and 0.4 to 0.6% non-reducible species. No minor species were
visible in the SDS-PAGE gels, indicating that the method is not as sensitive
as CE-SDS and MCE-SDS with the sample load and staining method used.
The CE-SDS and MCE-SDS methods were able to resolve glycosylated and
non-glycosylated heavy chain, thus determining the glycosylation occupancy to
be 99.0 to 99.2%. These values are in excellent agreement with that determined
by mass spectrometric analysis of glycopeptides (Glycosylation chapter/Volume
2, Chapter 4). The aglycosylated heavy chain was not detected by SDS-PAGE. In
addition, the reduced CE-SDS method with LIF detected resolved a light chain
shoulder consistent with glycated species. The existence of glycated species
in the NIST standard was confirmed by mass spectrometric techniques (PTMs
chapter/Volume 2, Chapter 3).

Table 1. Summary of NIST Monoclonal Antibody Size Variant Analyses
(Non-Reducing Conditions)

Platform

Smaller Molecular
Weight Species

(%)
Main Peak

(%)

Higher Molecular
Weight Species

(%)

SEC-HPLC ND 100.0 ND

SEC-UHPLC 0.3 98.7 1.0

SDS-PAGE* Detected <100 ND

CE-SDS (UV) 2.2 97.8 ND

CE-SDS (LIF) 2.0 97.9 0.1

MCE-SDS 1.6 98.2 0.2

ND = not detected, SEC-HPLC = size exclusion HPLC, UHPLC = ultrahigh-pressure liquid
chromatography, SDS-PAGE = sodium dodecylsulfate-polyacrylamide gel electrophoresis,
CE = capillary electrophoresis, UV = UV detector, LIF = laser-induced fluorescence
detector, MCE = microchip electrophoresis. * SDS-PAGE analysis is qualitative.
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Table 2. Corrected Peak Area for Reduced NIST Monoclonal Antibody
Standard

Platform

Sum of
Fragments

(%)

Light
Chain
(%)

Heavy
Chain
(%)

Non-
Reducible
species
(%)

Heavy
Chain Gly-
cosylation*

(%)

SDS-PAGE** ND Qualitative ND NA

CE-SDS (UV) 0.6 32.3 66.1 0.4 99.3

CE-SDS (LIF) 0.6 30.4 67.6 0.6 99.2

MCE-SDS 0.4 30.7 67.4 0.6 99.2

ND = not detected, NA = not available, SDS-PAGE = sodium dodecylsulfate-
polyacrylamide gel electrophoresis, CE = capillary electrophoresis, UV = UV detector, LIF
= laser-induced fluorescence detector, MCE = microchip electrophoresis. * Calculated as
[% Heavy Chain] ÷ [% non-glycosylated Heavy Chain + % Heavy Chain]. ** SDS-PAGE
analysis is qualitative.

Hydrophobic Variant Analysis

As a general class, mAbs are considered hydrophobic molecules. Many
mAb post-translational modifications cause changes in hydrophobicity, especially
changes in surface hydrophobicity, which may make them amenable to resolution
by separation assays. These include oxidation and isomerization of aspartic acid
(38), which decrease hydrophobicity; and others such as N-terminal pyroglutamic
acid (39), C-terminal lysine variants (40), incomplete removal of heavy chain
leader sequence (41), reduced disulfide bonds/open loop forms (42), and trisulfide
bond (43, 44), which increase hydrophobicity. In addition, many of the size
variants discussed earlier (clips, fragments, partial molecules, and aggregates)
also result in hydrophobicity differences.

The use of RP-HPLC for large, multi-domain proteins such as mAbs has
gradually increased over the past decade, in part due to the need for higher
resolution analytical techniques that can be coupled with on-line high resolution
liquid chromatography-mass spectrometry (LC-MS) for characterization
of the resolved species. For IgG1 mAbs such as the NISTmAb, intact
reversed-phase analysis is a powerful technique for monitoring and characterizing
fragmentation, structural isoforms, and partial reduction of disulfide bonds.
Reduced reversed-phase analysis provides a more detailed view of translational
modifications on the individual light and heavy chains, although structural
variants related to disulfide bonds are lost. RP-HPLC can also be performed
following limited proteolysis. The mAb is digested into scFc and F(ab′)2,
fragments, enabling some gains in resolution, as well as assignment of specific
variants to a particular region of the IgG and retention of the disulfide structure.

Although RP-HPLC provides excellent resolution and the ability to perform
on-line mass spectrometry, the determination of potency for collected fractions
is problematic due to the denaturing conditions of the assay. Non-denaturing
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orthogonal separation techniques such as HIC can be used to isolate hydrophobic
variants, although the resolution capability is usually much lower.

Reversed-Phase HPLC

In reversed-phase chromatography, mAbs are separated based on relative
hydrophobicity under denaturing conditions by adsorption on a hydrophobic
column followed by a gradient elution with an increasing concentration of an
organic solvent. Acetonitrile, methanol, ethanol, and n-propanol are the most
commonly used organic solvents.

The successful development of a reversed-phase mAb method is often
considered a challenging task due to the molecule’s size, the structural complexity
inherent to mAbs arising from four separate protein chains, the presence of 16
to 18 disulfide bonds (IgG1, IgG2, and IgG4), and numerous post-translational
modifications. Their large size and hydrophobic nature generally result in low
recovery and poor resolution in reversed-phase separations unless certain critical
parameters are met (45). Acetonitrile is the most widely used solvent for mAb
analytics, but low protein recovery and resolution can often arise for more
hydrophobic mAbs and certain IgG subclasses (40). Higher elutropic-strength
solvents such as n-propanol have shown promise as a more universal solvent
for reversed-phase separation of mAbs (45, 46). In addition, low pH (~2) and
high column temperature have been shown to be critical parameters for protein
recovery and peak shape. In fact, column temperatures of at least 65 to 70 °C
should be used to provide optimal protein recovery and resolution (40, 47). TFA
is typically used to provide an acidic pH and as an ion-pairing agent, decreasing
non-specific protein interactions with the column. Formic acid can be used in
place of TFA for LC-MS applications, but it can cause changes in selectivity and
lower resolution of certain analytes (48).

Generally, with intact RP-HPLC, smaller and less-hydrophobic protein
fragments are eluted earlier in the reversed-phase gradient, at a lower concentration
of organic solvent. The intact mAb, as well as other more hydrophobic species,
are eluted later in the gradient. The reversed-phase analysis of the NISTmAb
IgG1 standard is shown in Figure 9A. The sample was resolved into a single broad
main peak (93.5% total relative area), several earlier eluting pre peaks, labeled
as Fragments (1.0% total relative area), and two later eluting post peaks, labeled
IgG structural variants (5.5% total relative area). In this reversed-phase analysis,
the main peak is composed of monomeric IgG, including the combination of all
individual glycosylation forms as well as C-terminal and N-terminal variants.
The peaks labeled Fragments are generally composed of non-covalently attached
products of the IgG, often caused during production and/or during storage. For
IgG1 mAbs, common fragments may include partially reduced species L, H,
combinations of L and H (49) and hydrolyzed antibody domains (e.g., Fab′,
Fc, VH [variable domain of antibody heavy chain], CH3 [constant domain 3 of
antibody heavy chain]) (40). Late-eluting peaks related to structural variants have
been reported to be disulfide related, often containing unpaired or mis-paired
disulfides. More recently, the existence of trisulfide bonds in mAbs has been
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reported (43, 44). In order to positively identify each reversed-phase peak,
fractions can be collected for subsequent characterization by peptide mapping,
or fractions can be directly characterized with in-line high-resolution MS. MS
analysis provides direct information about the molecular mass of each eluted
species, and in some cases can provide details about the amino acid sequence.

Figure 9. Reversed-phase chromatograms showing a full-scale view for the
NISTmAb by intact (A), reduced (B), and (C) FabRICATOR® digest.

Although the intact reversed-phase analysis of the IgG1 standard was able
to provide a relatively detailed assessment of product quality, for IgG fragments
and structural variants, additional information can be gained by analyzing smaller
individual domains of the IgG by reversed-phase. Figure 9 shows a comparison
of the reversed-phase analysis of the intact NISTmAb (A), after reduction of
disulfide bonds (B), and after digestion with the FabRICATOR® enzyme (C), a
commercially available recombinant modified enzyme with precise proteolytic
activity for IgGs. The FabRICATOR® enzyme cleaves below the IgG hinge,
creating an F(ab′)2 and two scFc fragments (50, 51). The F(ab′)2 portion of the
IgG is composed of two L and two H fragments, including the variable heavy
(VH) and the first constant domain of the heavy chain (CH1). The four chains
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(2 × L and 2 × H) of the F(ab′)2 are covalently attached through four interchain
disulfide bonds (IgG1), with an approximate molecular weight of 100 kDa. The
monomeric scFc fragments contain the second and third constant domains of the
heavy chain (CH2 and CH3), which include the conserved N-linked glycosylation
site. The two scFc fragments, each with an approximate molecular weight of 25
kDa, are not covalently linked through disulfide bonds.

Figure 10 shows the same comparison but with amagnified baseline so that the
smaller peaks can be displayed. As shown in Figure 9 and Figure 10, the post peaks
observed in the intact analysis (panel A) look quite similar to the post peaks of the
F(ab′)2 in the FabRICATOR® digest (panel C), indicating that the variants likely
occur in the F(ab′)2 region, although without MS confirmation, it is not possible
to confirm the identity of the post peaks.

Figure 10. Reversed-phase chromatograms showing a zoomed view for the
NISTmAb by (A) intact, (B) reduced, and (C) limited proteolysis. The peak

marked with an asterisk in panel B represents non-reducible IgG.
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Reduced reversed-phase analysis provides a more detailed view of
post-translational modifications on the individual light and heavy chains.
Although the reduced reversed-phase analysis can reveal additional modifications
(relative to intact analysis) such as oxidation, structural variants related to disulfide
bonds are typically not detectable after reduction. Reduced reversed-phase
analysis of the NISTmAb is shown in Figure 9B and Figure 10B. Although
reduction with DTT will reduce the IgG to its light and heavy chain components,
some modified disulfide bonds, such as thioethers, are not reducible (52) and
can appear as residual intact IgG or partially reduced species, similar to reduced
CE-SDS. The peak labeled with an asterisk in Figure 10B is thought to represent
non-reducible IgG, but without MS confirmation, this is a tentative assignment.

Hydrophobic Interaction Chromatography

HIC separates analytes in order of increasing hydrophobicity; in other words,
less hydrophobic species typically elute first. A weakly hydrophobic stationary
phase is used to bind the analyte in the presence of high concentrations of polar
salts. A mobile phase gradient of decreasing salt concentration is applied. As
the concentration of salts decreases, analytes desorb into the mobile phase.
Selection of a more or less hydrophobic stationary phase, can be used to adjust
the selectivity of the separation for the particular analyte or analytes of interest.
Compared to other modes of separation, such as CEX- or SEC-HPLC, HIC offers
the opportunity to separate molecules based on changes in hydrophobicity that
may be imparted by chemical modifications such as oxidation. HIC offers a
unique mode of separation that typically does not irreversibly disrupt the structure
of protein analytes, allowing different isoforms to be collected and tested by
orthogonal assays. The HIC chromatogram for the NISTmAb is shown in Figure
11. The protein elutes as one major peak. Two minor shoulders were observed
to elute prior to the main part of the peak. This observation suggests the sample
does not have significant heterogeneity with regard to hydrophobic variants,
but minor resolution of some low-level hydrophobic variants could be detected.
Purification and detailed analysis of these variants would need to be performed to
identify these minor species. Possible causes for separation by HIC could include
oxidation of the antibody or structural changes to the antibody caused by aspartic
acid isomerization but are purely theoretical without further investigation. This
method could be used to analyze stressed samples (e.g., heat, light) that might
cause an increase in hydrophobic variants. Because this method is performed
under conditions that do not irreversibly impact the structure of the antibody,
collection of variants and testing by potency- or binding-related biological assays
could be conducted to further understand the impact and significance of these
species.
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Figure 11. Hydrophobic interaction chromatography (HIC)-HPLC analysis
of the NISTmAb.

The results of the hydrophobic variant analyses are summarized in Table 3.
Pre peaks, presumably smaller molecular weight fragments, were 1.0% of the
total peak area by intact RP-HPLC. Post peaks, thought to be structural variants,
were 5.5% of the total peak area. After reduction, more minor species are
resolved, with a total of 1.7% eluting before the light chain, 1.7% intermediate
species between light and heavy chain (including 1.0% non-reducible species),
and 1.3% eluting after the heavy chain. The structural variant peaks, resolved
by intact RP-HPLC, are absent, confirming that these are likely disulfide-related.
By limited proteolysis, minor species eluting between the scFc fragments and
F(ab′)2 totaled 3.5%, including a prominent peak of approximately 1.1% that
seems to correspond with free light chain. The post peaks (8.0%) resolved from
the F(ab′)2 peak appear to correspond by abundance and relative retention to the
same structural variants resolved in the intact RP-HPLC. By HIC-HPLC, two
minor shoulders (less hydrophobic variants), eluting prior to the main peak, were
resolved, but the resolution was not sufficient for meaningful quantitation. The
post peaks resolved by RP-HPLC were not detected by HIC-HPLC, likely due to
differences in the resolution between the two assays.
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Table 3. Summary of Hydrophobic Variant Analyses

Platform

Pre Peaks/Mid Peaks/
Hydrophilic Variants

(%)
Main Peak(s)

(%)

Post-Peaks
Hydrophobic
Variants
(%)

Intact RP-HPLC 1.0 93.5 5.5

Reduced RP-HPLC 1.7 (pre L)
1.7 (post L)

27.0 (L)
68.3 (H)

1.3 post (H)

Limited Proteolysis 3.5 (post scFc) 29.9 (scFc)
58.6 (F(ab′)2)

8.0 (post-F(ab′)2)

RP-HPLC = reversed-phase HPLC, L = light chain, H = heavy chain, scFc = single chain
Fc fragment.

Charge Variant Analysis

Maintaining consistent product quality of mAbs often requires a variety of
orthogonal methods to characterize charge heterogeneity. Charge heterogeneity
can result from both the manufacturing process and degradation during storage.
Heavy chain C-terminal lysine, a common post-translational modification, is
believed to be the result of incomplete proteolysis by endogenous mammalian
host basic carboxypeptidase(s) during the cell culture operation (53). Glycation,
discussed earlier (see Capillary Electrophoresis with Sodium Dodecyl Sulfate),
also can occur during cell culture and results in charge variants. C-terminal
α-amidated proline is another charge variant that has been reported for mAbs (54)
as arising during cell culture. Glycans with negative charges, such as sialylated
glycans, are another example of charge variants (55). Deamidation is probably
the most common charge variant resulting from degradation of mAbs (56, 57).

Ion-exchange HPLC has historically been the gold standard for determination
of charge heterogeneity of proteins. Ion exchange HPLC is typically performed
under native conditions, enabling collection of the resolved forms for further
characterization, including biological activity assessment with the appropriate
potency assay. More recently, electrophoresis has proven to be a useful tool
for protein characterization. For instance, slab gel IEF separates protein charge
isoforms with high resolution, but its labor-intensive protocols and high assay
variability render it less useful for routine application in quality control testing
labs. The introduction of capillary-based methods (i.e., cIEF) for determination
of protein charge heterogeneity provides key advantages over classical gel
formats, including on-line detection, automation, full quantitative analysis, and
higher assay precision. This section discusses a variety of orthogonal charge
variant assays and their applications for determination of charge distribution
(quantitative) and apparent pI value.
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Cation Exchange HPLC

Ion exchange separations are useful tools for the characterization of mAbs in
that they typically provide good resolution of many charge variants, especially
stability-indicating variants such as deamidation. Ion exchange assays can
also complement charge variant electrophoresis assays such as cIEF or CZE,
because many of the same charge variants are resolved, and these variants are
more readily isolated for further characterization by ion exchange. Charge
variants are separated by ion exchange based on the molecule’s surface charge.
Cation exchange is typically used for mAbs due to the relatively high pI of
these molecules. Due to the unique pI and surface charge distribution of mAbs,
cation exchange methods usually require optimization specific for each mAb.
Such optimization typically requires screening of columns, mobile phase pH,
and gradient conditions at a minimum. The CEX-HPLC method for the NIST
standard was developed and optimized using a DOE approach (see Appendix 1).

The optimized CEX-HPLC chromatogram for the NIST standard is shown in
Figure 12. Onemajor acidic peak with a slight shoulder is observed in the pre-peak
region of the chromatogram. One large basic peak and two smaller basic peaks are
observed in the post main peak region. Figure 12 also shows the chromatogram
following CpB treatment of the NISTmAb. The effects of CpB treatment on the
sample are clear. The dominant basic peak and the second smaller basic peak are
reduced following CpB treatment, indicating that these two basic peaks contain
C-terminal lysine (58, 59) on one heavy chain or on both heavy chains.

Figure 12. Cation exchange (CEX)-HPLC chromatograms of the NISTmAb
before and after carboxypeptidase B treatment.
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CEX-HPLC is also useful for resolving deamidated forms as acidic pre peaks.
The overlaid chromatograms in Figure 13 show the increasing amount of acidic
peak group under conditions intended to induce deamidated species (pH 8.5,
incubation at 37 °C). Further characterization is needed to confirm the identity of
the components of the CEX-HPLC pre peaks, because several different species
may be contained under each peak. However, the incubation studies demonstrate
that the method is capable of resolving stability-indicating species.

Figure 13. Cation exchange (CEX)-HPLC chromatograms of the NISTmAb
following incubation.

Capillary Zone Electrophoresis

CZE separates proteins in free solution according to electrophoretic mobility,
which is largely influenced by buffer viscosity, the protein net charge, and
hydrodynamic radius. Because the molecular size distribution of antibody
products is typically higher than 95% monomer (measured by SEC), the effect
associated with hydrodynamic radius differences is eliminated and allows CZE to
effectively separate protein based on charge under native conditions. Figure 14A
shows the charge heterogeneity profile of the NISTmAb separated by CZE with
the platform pH 5.7 running buffer.
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Figure 14. Charge heterogeneity of the NISTmAb determined by (A) capillary
zone electrophoresis (CZE), (B) capillary isoelectric focusing (cIEF), and (C)
imaged capillary isoelectric focusing (ICIEF). The inset in each figure shows
the full-scale profile. Each figure contains an overlay of native (black) and

carboxypeptidase B (CpB)-treated (grey) sample.
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Although the acidic and basic isoforms observed in the profile are sufficiently
resolved from the main peak, additional optimization experiments to enhance
resolution may be explored by adjusting the pH of the running buffer or changing
various electrophoretic parameters. As a protein characterization tool, CZE can
be used to measure variability of heavy chain C-terminal lysine. Peaks associated
with C-terminal lysine were determined by comparing a native NISTmAb sample
to one that was treated with CpB enzyme. As shown in the overlay, the two major
basic peaks affected by CpB treatment suggest that these forms correlate with
lysine present on one heavy chain or on both heavy chains. The primary effects
observed with CpB treatment is a decrease in basic forms with a corresponding
increase in main peak; the acidic variants remained unchanged. Data analysis
shows that the C-terminal heavy chain of the NISTmAb is approximately 9%
C-terminal lysine-containing, with 24% acidic variants.

Capillary Isoelectric Focusing

cIEF has become widely used as the primary alternative to traditional slab
gel IEF for routine protein characterization (17). Protein is separated in cIEF
based on differences in pI, the pH at which the analyte possess a net zero charge.
cIEF has the resolving capacity of separating protein differences as low as 0.01
pI units. Within the last decade, the biopharmaceutical industry has used this
technology in a variety of applications, including the consistency of charge
heterogeneity, product identity, and apparent pI determination. The Beckman
cIEF platform assay uses fixed-point detection and consists of two steps to
complete the experiment. The first step of the assay is focusing the carrier
ampholytes, stabilizers, and protein charge isoforms during a process in which
a pH gradient forms through the introduction of hydroxyl ions and hydronium
ions from the anolyte and catholyte, respectively. With enough basic stabilizer,
the pH gradient containing the focused zones is pushed toward one side of the
detector window. The second step of the assay is chemical mobilization, which
drives mobility of the focused zones, including ampholytes, across the fixed-point
detector. Hydrodynamic mobilization is possible but is less desirable due to its
effect on peak distortion and resolution.

The charge heterogeneity profile of native and CpB-treated NISTmAb
analyzed with the Beckman cIEF platform assay is shown in Figure 14B. The
separation profile of the NISTmAb has a striking similarity to the profile observed
in the CZE assay, particularly for the two basic peaks attributed to the heavy chain
C-terminal lysine variants. Only low levels of basic variants were detected after
CpB treatment. Although the acidic variants are well-resolved from the main peak
and not influenced by CpB treatment, resolution is quite different compared to
the CZE assay but very similar to the CEX-HPLC assay (Figure 12). The profiles
for the acidic variants highlight the differences in separation mechanism between
cIEF and CZE assays. Given the nature of the CQAs impacting acidic variants, the
selection of the final charge method is most informative using degraded materials
(as shown in Figure 13 for CEX-HPLC) and peak characterization techniques
such as peptide mapping and MS for identification of the peak components.
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Although a platform assay was developed and optimized for mAbs, some
products may benefit from adjusting critical method parameters for improving
resolution. Focusing time is an example of a critical parameter that can affect
separation quality: focusing time set too low may lead to incomplete focusing
of large proteins into a narrow zone and result in poor method reproducibility;
if set too long, hydrophobic proteins may become unstable as they concentrate
into a narrow zone and precipitate in the capillary. A study of focusing time
is illustrated in Figure 15, which shows the changes in resolution between the
main peak and the first acidic peak when the experiment varied between 13 and
20 minutes. Samples focused below 17 minutes resulted in profiles having poor
separation of the acidic variants from the main peak; however, at or above 18
minutes resulted in profiles having little to no change in resolution. Basic variants
appear to focus much faster than the acidic variants and showed little dependency
on focusing time. The selection of carrier ampholytes will also affect the profile.
While the pH 3–10 Pharmalyte® provided sufficient separation of charge isoforms,
enhanced resolution could be achieved with addition of a narrow-range ampholyte.
These additional studies were not performed in this instance.

Figure 15. Effect of varied focusing times on the native NISTmAb. The arrow
indicates the point of resolution between the main peak and the first acidic

isoform.
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Imaged Capillary Isoelectric Focusing

Although the traditional two-step cIEF platform provides reliable
characterization of charge isoforms, the mobilization step can introduce problems
associated with distortion of the pH gradient after focusing, leading to poor
reproducibility and resolution, as well as peak dispersion issues (17, 60).
In recent years, whole-column or ICIEF technology was introduced with a
configuration that eliminates the chemical mobilization step after focusing by
capturing an UV image of the entire contents of the 5 cm separation capillary
with a CCD camera. A major benefit to this one-step approach is the significant
reduction in the total analysis time, which includes conditioning the 100 µm i.d.
capillary with methylcellulose, sample transfer injection, and isoelectric focusing.
Approximately 15 minutes is needed to complete a run, improving the throughput
by three-fold compared to the traditional two-step format.

Figure 14C shows the absorption image of native and CpB-treated NISTmAb
obtained from the ICIEF platform. Charge heterogeneity is plotted as a function
of spatial resolution (relative pixel position in the CCD camera) instead of the
classic migration time. The ICIEF profile mirrors the profiles obtained by CZE
and cIEF separations such that the basic isoforms focus ahead of the main peak
instead of the trailing side seen in Figure 14A and Figure 14B. This is a result of the
anode and cathode positioning relative to the detector. Maximum resolution was
achieved through optimization of narrow-range carrier ampholytes. In this case, a
ratio of 85% pH 8–10.5 and 15% pH 3–10 Pharmalyte® (2.5% total ampholytes)
is ideal for basic proteins, providing optimal separation of the charge isoforms in
11 minutes. The same species containing single and two-chain C-terminal lysine
variants were separated and confirmed by treatment with CpB. Only minor levels
of basic isoforms were present after treatment. As with the other charge-based
assays, the acidic isoforms were partially resolved from the main peak; higher
levels of narrow-range ampholyte or longer focusing time did not improve the
separation.

A quantitative summary of the CEX-HPLC and the electrophoresis methods
for charge variant analysis are summarized in Table 4 and Table 5. CpB treatment
confirmed that the majority of basic forms resolved by all four assays were
C-terminal lysine variants. The quantity of basic isoforms with C-terminal
lysine (Table 4) is similar for the three electrophoresis assays but higher for
the CEX-HPLC assay. The single chain lysine variant form was not as well
resolved from the main peak by CEX-HPLC, which may have adversely
impacted quantitation. The same species was nearly base line resolved by the
three electrophoresis assays. The acidic peaks are likewise similar between
the electrophoresis methods; the acidic peaks are considerably lower by the
CEX-HPLC methods, however, suggesting that the electrophoresis methods are
resolving more species from the main peak than the CEX-HPLC method. Given
that CEX-HPLC separates by surface charge and the electrophoresis method
separates by overall net charge, some differences are to be expected.
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Table 4. Peak Area for Native NIST Monoclonal Antibody Standard

Platform
Acidic Isoforms

(%)
Main Peak

(%)

Basic Isoforms with
C-terminal Lysine

(%)

CEX-HPLC 14.4 72.6 13.0

CZE 21.6 67.5 10.9

cIEF 24.1 66.6 9.3

ICIEF 24.2 66.6 9.2

CEX-HPLC = cation exchange HPLC, CZE = capillary zone electrophoresis, cIEF =
capillary isoelectric focusing, ICIEF = imaged capillary isoelectric focusing.

Table 5. Peak Area for Carboxypeptidase B-Treated NIST Monoclonal
Antibody Standard

Platform
Acidic Isoforms

(%)
Main Peak

(%)
Basic Isoforms

(%)

C-terminal
Lysine*
(%)

CEX-HPLC 12.9 82.2 4.9 8.1

CZE 24.2 74.1 1.7 9.2

cIEF 27.2 72.4 0.5 8.8

ICIEF 27.3 72.1 0.5 8.7

CEX-HPLC = cation exchange HPLC, CZE = capillary zone electrophoresis, cIEF =
capillary isoelectric focusing, ICIEF = imaged capillary isoelectric focusing. * Calculated
as [Basic Isoforms with C-terminal Lysine] – [Basic Isoforms].

The pI of an unknown protein is an important characteristic in formulation
development screening studies. In traditional approaches, the apparent pI of an
unknown protein was determined by measuring the spatial resolution between
IEF bands of pure proteins with known pI values. Accurate determination of
pI value is a challenge when using protein markers given the heterogeneity of
producing these markers and their stability over long-term storage. Over the
years, however, synthetic low molecular weight amphoteric peptides covering a
broad pI range and having strong 280 nm absorbance were introduced as reliable
alternatives to replace the protein markers. The assay typically requires three
or more pI markers in the sample preparation to calibrate the pH gradient and
enable approximation of the apparent pI for a given test sample. An example of
the pI determination assay for the NISTmAb is shown in Figure 16. Here, the
NIST protein of unknown pI was prepared in a mixture containing eight peptide
markers and separated by ICIEF; it should be noted that a similar approach could
be applied to the traditional two-step cIEF platform. The pixel position of each
marker was plotted as a function of the pI value assigned by the manufacturer.
It can be seen from the standard curve that the pH gradient formed under these
conditions was linear with a regression coefficient of 0.9995. Using this curve
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and the measured pixel position, the apparent pI value of the NISTmAb was
determined to be 9.3, slightly higher than the theoretical pI of the NIST IgG1
molecule (pI of 8.9 calculated from the primary sequence).

Figure 16. Experimental determination of apparent isoelectric point (pI). The
NISTmAb was co-mixed with eight pI markers and separated by imaged capillary
isoelectric focusing (ICIEF). A linear pH gradient was illustrated by plotting
the pixel number and pI values from each marker and was used to extrapolate

the apparent pI of the sample.

Conclusions

Overall, the work in this chapter demonstrates the value of applying multiple
orthogonal separation methods in the characterization of a mAb. Although
separation methods are usually major components of a quality control programs
for routine lot release and stability assessment, they are also important for the
assessment of variants and the determination of those variants that are CQAs.
The application of separation methods for characterization was demonstrated
using the NISTmAb.

For size variant analysis, SEC is a key tool for the characterization of
multimers. The native conditions of SEC enable the collection of fractions for
potency determination. In addition, detectors such as MALS or QELS enable
on-line characterization of the resolved species. The SEC-UHPLC analysis of
the NISTmAb resolved a higher molecular weight species (1%) and a lower
molecular weight species (0.3%). SEC-HPLC/MALS analysis determined that
the higher molecular weight species was dimer. These results may be used in
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conjunction with results from biophysical methods such as AUC to characterize
the aggregate content of the NISTmAb.

SDS-PAGE and CE-SDS analyses provide further characterization
information for size variants, especially smaller molecular weight components,
which may be associated in non-covalent complexes and, therefore, may not be
detected under the native conditions of SEC. CE-SDS is more quantitative and,
in this work, proved to be more sensitive than SDS-PAGE for the detection of
size variants. However, with higher protein loads and other staining techniques,
SDS-PAGE may be a useful companion technique to CE-SDS in that the resolved
bands may be excised for further characterization.

Both non-reduced and reduced CE-SDS were performed with three different
methods: CE-SDS with UV detection, CE-SDS with LIF detection, and MCE-
SDS. By non-reduced CE-SDS, the sum of the smaller molecular weight species
was 1.6 to 2.2%, considerably higher than that determined by SEC, indicating that
these species may exist as non-covalent complexes. However, such fragments can
also be the result of reduction events during sample preparation; therefore, further
confirmation by other techniques may be necessary. By non-reduced CE-SDS,
aggregates were 0.1 to 0.2%, indicating thatmost of the dimer detected by SECwas
non-covalent. In reduced CE-SDS, the intact mAb and any partial molecules are
dissociated into the constituent light and heavy chains, thus the fragment species
detected (0.4 to 0.6% for the NISTmAb) are the result of non-specific cleavage
of the light or heavy chains. In addition, a total of 0.4% to 0.6% non-reducible
species was detected, consisting of mostly H:H:L:L, with a small amount of larger
molecular weight species. The glycosylation site occupancy was determined by
reduced CE-SDS to be 99.2 to 99.3% of total heavy chain peaks, which is in
excellent agreement with that determined in the Glycosylation chapter/Volume 2,
Chapter 4.

Hydrophobic variant analysis by techniques such as RP-HPLC and HIC may
resolve additional post-translational modifications such as oxidation or structural
variants (e.g., reduced disulfide bonds, open loop forms). In addition, many of
the smaller molecular weight species detected by the electrophoresis methods
may also be resolved due to differences in hydrophobicity. RP-HPLC offers the
advantage of on-line characterization through MS, whereas HIC analysis may
be more valuable as a preparative tool because it can be used to isolate enriched
species for determination of biological activity. The reversed-phase analysis of
the intact mAb resolved several pre-peak species (typically fragments or reduced
species such as free light chain, heavy chain, and so forth) totaling 1%, which
is less than that observed by non-reduced CE-SDS, indicating that some of the
fragments in the non-reduced CE-SDS analysis may have been artifacts of sample
preparation. The intact RP-HPLC analysis also resolved two post peaks consistent
with structural variants such as open loop forms.

RP-HPLC analysis was performed on both reduced mAb and after limited
proteolysis to enable more detailed resolution of light and heavy chain variants
or F(ab′)2 and scFc domains. By reduced RP-HPLC, several minor species were
resolved, including a peak consistent with non-reducible H:H:L:L, which was also
detected in the reduced CE-SDS analysis. Further work with an on-line mass
spectrometer is recommended to definitively identify all of the RP-HPLC resolved
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variants. As expected, the HIC provided lower resolution than the RP-HPLC and
for the NISTmAb did not resolve variants as separate peaks. Two minor shoulders
were detected.

Charge variant analysis was studied by CEX-HPLC, as well as three types
of capillary electrophoresis methods (CZE, cIEF and ICIEF). The CEX-HPLC
method resolved several pre peaks (acidic variants) totaling 14% and at least 3 post
peaks (basic variants) totaling 13%. The two major post peaks were determined
to be C-terminal lysine variants through the use of carboxypeptidase. The method
was also demonstrated to be stability-indicating by incubating the NISTmAb under
conditions intended to increase deamidated species. The expected increase in pre-
peak species was observed.

All three capillary methods for charge variant analysis were able to resolve
two major basic isoforms (total of 9 to 11%), similar to those observed by CEX-
HPLC. The majority of these peaks were identified to be C-terminal lysine variants
by use of carboxypeptidase, confirming the CEX-HPLC results. A similar level
of acidic variants (22 to 24%) were resolved by all three electrophoresis methods.
This level is higher than that observed by CEX-HPLC, indicating that more species
were resolved by the capillary electrophoresis methods. In addition, the apparent
pI of the NISTmAb was determined to be 9.3.

In this analysis of the NISTmAb material, we have demonstrated the utility of
multiple orthogonal separation methods for characterization of a mAb. Due to the
conserved properties of mAbs, many of the assays in this chapter may be directly
applicable for other mAb molecules.

Appendix 1. Method Development and Optimization through
Design of Experiments

The following appendix demonstrates how a monoclonal antibody (mAb)
cation exchange method can be rapidly developed and optimized using design of
experiments (DOE) software tools.

In the DOE approach, multiple critical operational parameters (OPs) are tested
simulatnesouly by using statiscal models (i.e., bi-level, response surface, mixed
level, model-robust) to automatically select the OP ranges to be tested (61, 62).
The DOE software tool automatically generates test sequences which assess all of
the relevent OP ranges using the fewest number of runs.

The three critical OPs selected for the CEX-HPLC method development for
the NISTmAb were column type, buffer pH, and salt gradient. These three OPs
were first tested in a general screening experiment covering wide ranges of each
(Table A1). The columns to be screened and initial salt gradient conditions were
selected based on prior experience with mAb separations. The buffer pH range
was 6 to 8, which is roughly 1 to 3 pH units below the theoretical pI of the NIST
IgG1 molecule (pI of 8.9 calculated from the primary sequence). Mobile phase B
(MPB) did not include the buffering component in the initial screening study to
decrease the complexity of the DOE design. The buffering component was added
to MPB in subsequent method refinement studies after the buffer pH was selected.
The other less critical OPs (flow rate, protein load, detection wavelength, and
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column temperature) were held fixed for the screening study and were evaluated at
a later time. For this initial screening study, a 31-run DOE sequence was generated
varying all three critical OPs.

Table A1. Critical Operating Parameter Ranges Studied in Design of
Experiments General Screen

Critical Operating Parameter Range/Type Tested

Column Type ProPac® WCX-10
BioPro SP-F
Bio MAb NP5
Antibodix WCX-NP5

Buffer pH Mobile phase A: 20 mM phosphate buffer:
pH 6.0, 6.5, 7.0, 7.5, and 8.0

Mobile Phase B (0.5 M NaCl)
Gradient

Fixed start at 0% B; gradient time fixed at 30
minutes. Varied ending % mobile phase B: 40%,
45%, 50%, 55%, 60%

Flow rate 0.6 mL/min; protein load 50 μg; detection at 215 nm; column temperature
25 °C.

A sample output from the initial screening study (Figure A1) shows the cation
exchange (CEX)-HPLC chromatograms from the four different columns, all tested
with the same OP settings. For this general screen, there was a clear differentiation
among the four columns tested by visual assessment: the BioPro SP-F had superior
separation, with some resolution of a pre peak and well-resolved post peaks. This
was the case across all of the OP settings studied. Therefore, the BioPro SP-
F column was selected for further development. Similarly, the pH range was
narrowed from the wide range covering 6.0 to 8.0 to 6.5 to 7.0 for subsequent
method development studies based on visual assessment (data not shown).

After the general screen, three more DOE studies were executed for method
refinement. The DOE study information and outcome from all four studies are
shown in Table A2. For subsequent method refinement studies (Studies 2 to 4 in
Table A2), where the chromatographic resolution differences were more subtle,
the DOE software’s data analysis capabilities were used to objectively quantitate
the OPs’ effects on peak separation and resolution. The USP resolution factor,
which is typically used to quantitate peak separation for small molecules, does
not work well for CEX-HPLC chromatography of mAbs because minor variants
often show up as shoulders to the main peak. Therefore, other chromatographic
peak properties had to be explored to judge peak separation objectively and
quantitavely. For this development, the key performance parameters selected
from the wide array of chromatographic properties are the peak-to-valley ratios
(p/v) for the acidic and basic peaks. It should be noted that the optimal conditions
for acidic peak resolution and basic peak resolution may be different; therefore,
when the performance parameters for both peaks are given equal weighting, the
final conditions are a compromise between the optimimal conditions for either
acidic or basic peaks. The p/v values used are illustrated in Figure A2. The goal
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of these DOE studies was to maximize these p/v values and thus resolution of
both acidic and basic peaks for the ion exchange separation.

Figure A1. Cation exchange (CEX)-HPLC chromatograms of the NISTmAb from
the general screening design of experiment.

Figure A2. Peak-to-valley (p/v) ratios used to judge peak separation for cation
exchange (CEX)-HPLC chromatograms of the NISTmAb.
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Table A2. Design of Experiments Test Sequences Performed for Cation
Exchange HPLC Method Development

Study
#

Type of
Study

Operating
Parameters
Studied

Performance
Parameters Used Outcome

1 General
Screening

Column type
Buffer pH
Buffer gradient

Acidic and basic
peak resolution
(visually assessed)

Column selected
pH range
narrowed

2 Method
Refinement

Buffer pH
Column temp.
Gradient end
(% MPB)

pH selected
Column temp.
selected
Gradient end
tested

3 Method
Refinement

Gradient start
(% MPB)
Protein load

Acidic peak end
p/v
Basic peak start
p/v (DOE software
analysis)

Gradient start
percentage
selected
Load selected

4 Method
Refinement
Verification

Test best
OP settings
recommended by
software

Maximize main
peak height (DOE
software analysis)

Best answer OP
settings verified

MPB = mobile phase B, p/v = peak-to-valley ratio, DOE = design of experiment, OP =
operation parameter.

With these goals set, the software uses the experimental results imported from
the DOE and runs Monte-Carlo simulations to generate a mathematical model that
best fits the experiment results. Using this mathematical model, it can predict
the best answer (OP settings) to achieve the desired separation. The numerical
calculated best answer output from DOE study #2 is shown below in Table A3.

Table A3. Best Answer Output from Cation Exchange-HPLC Method
Development Design of Experiments Study #2

Operating Parameter Setting

pH 6.7

Column temperature 35 °C

Gradient end selected 20% MPB

MPB = mobile phase B.

In subsequest DOE studies, the optimal mobile phase pH, column
temperature, gradient end, gradient start, and protein load were then determined.
Before starting Study 3, the best answer OP settings from Study 2 were slightly
modified by increasing the initial percentage MPB from 0% to 3% while keeping
the gradient constant in order to reduce the “dead time” before the peaks elute.
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This work illustrates how a CEX-HPLC method for an IgG1 molecule can be
developed efficiently with a DOE approach. This method was developed using
just four studies: one 31-run DOE general screening sequence that explored wide
ranges of the critical OPs (column, buffer pH, and buffer gradient), followed by
two shorter method-refinement test sequences and a final verification study using
the final OPs.

The final refined chromatogram obtained after all four studies is shown in
Figure A3. The final conditions are listed in the Materials and Methods section.

Figure A3. Capillary electrophoresis (CE)-HPLC chromatogram of NISTmAb
verification study using best answer operating parameter settings selected by

design of experiment.
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One of the major challenges that the biopharmaceutical industry
currently faces is maintaining the structural integrity and
stability of protein therapeutics through production and shelf
life. Changes introduced in antibody production processes
or formulations may have major impact on stability, efficacy,
and safety. Hence, a robust set of biophysical techniques to
characterize and assess the “higher order structure” (HOS)
of monoclonal antibodies (mAbs) is an integral part of the
drug development process. In a unique collaboration spanning
academic/government institutions and the biotechnology
industry, we used a set of sophisticated orthogonal biophysical
techniques for characterizing the HOS of an IgG1 mAb. Each
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section of this chapter focuses on a particular method to probe
different molecular properties of the mAb such as solution
mass, size, polydispersity, solution charge, thermal stability,
aggregation, and secondary and tertiary structural changes in
different solutions and at different mAb concentrations. Our
collaboration has resulted in the collection of biophysical data
rich in the solution structural information of the NISTmAb that
we hope will help researchers worldwide as a guide for the
biophysical characterization of mAbs and proteins in general.

Introduction

The pharmaceutical landscape is undergoing a transformation in terms of
the medicines available for treatment of disease. Traditional, small molecule
therapies are steadily being augmented or replaced with monoclonal antibody-
(mAb) and protein-based drugs for treating cancer, cardiovascular, infectious, and
neurodegenerative diseases. With more than 30 approved products, mAb-based
therapies have emerged as the dominant therapeutic modality over the last decade
(1). The increasing therapeutic success of these large glycosylated proteins stems
from their inherent drug-like properties and the relative ease and scalability of
manufacturing (2–4). mAbs present several desirable pharmacological properties
over their small molecule counterparts; mAbs display exquisite target specificity
and generally have better safety profiles and longer in vivo half-lives. Advances
in recombinant DNA technology, cell culture, and purification processes have
enabled mAbs to be on the path to industrialized production (2).

Early biotherapeutic drugs such as growth factors and cytokines necessitated
specialized, molecule-specific production processes with commensurate
investments in process development. However, mAbs are increasingly being
produced using convergent manufacturing processes starting with fed-batch cell
culture followed by capture with Protein A chromatography and further polishing
and concentration steps of ion-exchange/hydrophobic interaction chromatography
and ultra/diafiltration, respectively (2). Platform-based mAb production and
purification processes have enabled the rapid evaluation of new scientific disease
mechanisms and lowered the barrier for entry to smaller start-ups with novel
hypotheses. Presently, there are hundreds of mAbs and mAb-based molecules
in worldwide development (1). mAb-based therapies continue to evolve rapidly
as is evident from the recent successes of antibody–drug conjugates (ADCs)
for oncology indications (5). Simultaneous dual targeting with bispecific
antibodies for synergistic biological action (6) and/or targeted delivery (7) is also
a significant, promising advance in mAb-based medicine.

Unlike small molecules, which have well-defined molecular structures and
relatively fewer degradation routes, mAb- and protein-based therapeutics present
far greater structural complexity and stability issues. The exquisite specificity
and safety afforded by protein drugs is hinged upon maintenance of their “higher
order structure” (HOS), including secondary, tertiary, and quaternary (when
appropriate) structure. In addition to chemical degradation, which can lead
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to potency loss in small molecules as well as proteins, the latter are subject
to aggregation, a degradation process that can be triggered by subtle changes
in the HOS. Protein aggregates are well recognized to induce undesirable
immunogenic/antigenic responses in patients (8). Consequently, aggregation
needs to be minimized during protein production and through the end of product
shelf life. This can be achieved through careful process and formulation design. It
should be noted that perturbation of HOS without any accompanying aggregation
may be sufficient to cause immunogenicity/antigenicity and/or potency loss.

mAbs and proteins are produced using mammalian cell culture (mAbs,
glycosylated proteins) and bacterial or yeast fermentation (Fabs, smaller proteins)
and, therefore, are subject to the inherent variability of these living systems.
Subtle changes in production processes can lead to changes in HOS. Exposure to
harsh process streams, as well as various interfacial and thermal stresses during
storage, also can impact HOS. Given its profound effects on product efficacy
and safety, it is essential—and a regulatory agency expectation—that the HOS of
protein drug candidates be carefully analyzed at each stage of development and
through the entire product life cycle. Thorough characterization of the HOS of
biosimilars will prove to be essential to minimizing the residual uncertainty in
structural differences that may result from using different cell lines, process, and
purification conditions.

HOS characterization is an integral component of analytical product
characterization. It encompasses a set of orthogonal biophysical/biochemical
methods chosen to probe different aspects of solution structure and the interactions
of a given molecule in a “solution-space” of interest (Figure 1). For example,
the global complementary methods of analytical ultracentrifugation (AUC) and
light scattering remain unparalleled in providing first-principles insight about
solution mass, state, size, and polydispersity, as well as the thermodynamics of
interactions. Electrophoretic methods such as membrane-confined analytical
electrophoresis (MCAE) provide fundamental information about the charge of
a protein in solution, which can be dramatically different from the calculated
sequence-based charge. Differential scanning calorimetry (DSC) and other
thermal methods such as differential scanning fluorimetry (DSF) shed light
on effects of solution conditions on the thermal unfolding of domains. These
methods not only inform us about the molecular conformational stability but also
about the interactions of the molecule with its co-solutes in solution. Fourier
transform infrared (FTIR) spectroscopy is one of the few spectroscopic techniques
that facilitates the study of protein secondary structure, particularly beta-sheet
structure, at high concentrations (~100 mg/mL). Also, FTIR can be employed to
study protein structure in the solid state in lyophilized dosage forms. Circular
dichroism (CD) is a classical technique that can be used to study tertiary and
secondary structure in near- and far-UV modes, respectively. Although the
information provided by each of the above biophysical methods is focused, these
methods when applied in concert enable the construction of a HOS map rich
in solution structural information. The HOS map can be employed to ensure
consistency in structure with scale-up along the development cycle, during
product transfers to new sites, and when production processes are modernized
for mature products. Additionally, information from HOS characterization may
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be invaluable for evaluating biosimilars, which hold the promise of affordable
medicine to large patient populations in developing, as well as developed,
countries.

Figure 1. Characterization methodology informing various product attributes.
In this figure, the following abbreviations are used: AUC (analytical
ultracentrifugation), CCI (container closure integrity), CD (circular

dichroism), CE (capillary electrophoresis), DLS (dynamic light scattering),
DSC (differential scanning calorimetry), ELSD (evaporating light scattering
detector), FTIR (Fourier transform infrared), HDX (hydrogen-deuterium

exchange), ICP-MS (inductively coupled plasma-mass spectrometry), IEX (ion
exchange chromatography), MS (mass spectrometry), NMR (nuclear magnetic
resonance spectroscopy), PTMs (post-translational modifications), RP-HPLC
(reversed-phase-high-performance liquid chromatography), SEC (size-exclusion
chromatography), SLS (static light scattering), and SV-AUC (sedimentation

velocity-analytical ultracentrifugation). (see color insert)

In a unique collaboration involving researchers from nine different
bio/pharmaceutical company, academic, and government research labs, this
chapter aims to illustrate the utility of biophysical methods for characterizing
the HOS of an IgG1 mAb. The NISTmAb is under development at the National
Institute of Standards and Technology (Gaithersburg, MD) and will be available
as a Reference Material in the future. We have focused on experimental aspects
of these sophisticated techniques, which may be particularly useful to researchers
who embark on the “art” and science of biophysical characterization. We stress
that the experimental conditions and the techniques presented in this chapter
should not be taken as prescriptive protocols but merely as guides or starting
points. The chapter simply aims to help researchers through demonstrative
experiments in the HOS characterization of mAbs and other proteins of interest.

The chapter begins with the analysis of global properties of mass, size,
solution state, size distribution, and charge followed by a section titled “Signatures
of Secondary and Tertiary Structure.” Finally, the chapter concludes with a
synopsis of the higher order structural information of the NISTmAb.
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Global Methods: Solution Mass, Size, State,
Size-Distribution, and Charge

We employed the complementary methods of AUC, or sedimentation, and
light scattering to determine the solution molecular weight, state, size, and size
distribution of the NISTmAb. MCAEwas used to determine the solution charge of
the NISTmAb. Both AUC and light scattering are first-principles-based solution
techniques uniquely placed for the solution characterization of macromolecules.
Similarly, MCAE is the only first-principles-based method available for the
measurement of solution charge. We stress that the solution charge of proteins,
and particularly antibodies, can be dramatically different than the assigned
sequence-based charge, and hence its measurement is critical to understanding
the solution interactions of macromolecules.

Analytical Ultracentrifugation
An analytical ultracentrifuge used for biophysical measurements is

equipped with an optical detection system capable of making absorbance and/or
refractive index measurements in real time. As such, the production of a
concentration gradient as a result of centrifugal force can be measured. AUC
experiments are performed in two modes (i) sedimentation equilibrium, and (ii)
sedimentation velocity (9). Sedimentation equilibrium, as the name suggests, is
an equilibrium method used to measure solution mass, state, and stoichiometry,
as well as the energetics of rapidly associating and reversible macromolecular
interactions. Sedimentation velocity, on the other hand, is a transport method
that primarily provides hydrodynamic information about molecules based on
rates of sedimentation under a centrifugal field. However, recent advances in
sedimentation velocity data analysis has enabled the analysis of interactions (10),
and the determination of size distributions in protein–mAb mixtures (11).

Sedimentation Equilibrium-Analytical Ultracentrifugation (SE-AUC)

SE-AUC experiments are conducted at lower rotor speeds such that the protein
moves toward the outside of the rotor (centrifugal flux) but not at a speed sufficient
to completely sediment the protein. At such speed, there is a diffusive force
opposing the concentration gradient imparted by the centrifugal solute flux as
described by the Lamm equation:

where x is the concentration distribution of macromolecular species as a
function of time (t) and radial position (r) in the centrifugal field ω2r. D and s
are the diffusion coefficient and sedimentation coefficient, respectively. After
an appropriate experimental time period, the solute concentration distributions
become time invariant, and the system approaches thermodynamic equilibrium.
At this point, there is net zero transport of the macromolecule across the
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radial concentration distribution, which can be described by a single or a
set of exponential equations (Equation 3). This equilibrium concentration
gradient is then measured as a function of radial distance using spectroscopic
detection. Solute weight-average molecular weight, thermodynamic non-ideality,
stoichiometry, and the energetics of reversible self-association can be obtained by
applying appropriate models to fit the experimental data.

A typical SE-AUC experiment is conducted with the widest possible
solute concentration range and multiple rotor speeds in a step-wise manner.
Equilibrium is established sequentially, always from the lowest to the highest
speed, and at each, equilibrium concentration profiles are scanned using a
suitable optical system. Robust data analysis is possible through global fitting of
multiconcentration and multispeed equilibrium data. The appropriateness of a
chosen analysis model is determined using parsimony: the simplest model which
best describes the data based on analysis of root-mean-square deviation (RMSD)
and the randomness of residuals.

Detailed quantitative discussion on SE-AUC can be found elsewhere (12);
briefly, however, for a single, ideal, non-interacting solute, molecular weight, M,
is given by:

and the equilibrium radial concentration gradient is described by Equation 3:

where M is the solute molecular weight (g/mol), ω is the angular velocity
of the rotor (radians/sec), v is partial specific volume of solute (mL/g), ρ is
solvent density (g/mL), R is the gas constant, T is absolute temperature, c is the
concentration of solute (g/L) at a radial distance r from the axis of rotation, and
c0 is the concentration at any arbitrary reference distance r0. The term M(1 −
vρ)ω2/RT is often referred to as the reduced molecular weight, σ, where M(1 −
vρ) is the buoyant molecular weight of the solute, denoted by Mb.

If multiple species are present in a sample, the overall equilibrium
concentration profile represents the sum of different components of a solute
mixture or of a reaction mixture in the case of interacting systems. Deviations
from an exponential expected for a single, ideal species indicates the presence
of multiple self-interacting/non-interacting species or of thermodynamic
non-ideality. High macromolecular charge and excluded volume effects give rise
to thermodynamic non-ideality, which manifests as a reduction in the apparent
molecular weight (Mapp) measured as a function of solute concentration. In
the presence of non-ideality, the true molecular weight is determined using
Equation 4:
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where M is the true molecular weight, c is the total concentration of solute,
and y is the activity coefficient. The activity coefficient, y, can be expressed as a
polynomial in c as:

By neglecting higher order terms of this polynomial over a limited
concentration range, Equation 4 can be simplified in terms of the osmotic second
virial coefficient (B), a measure of thermodynamic non-ideality.

Here, we conducted sedimentation equilibrium experiments with the
NISTmAb at 20 °C in a 25 mM histidine (His)/His-HCl, pH 6.0 buffer using five
loading concentrations (0.3, 1, 2, 4, and 8 mg/mL) and at three rotor speeds (12K,
14K, and 16K revolutions per minute [RPM]). Experiments were conducted
employing the ProteomeLab XL-I analytical ultracentrifuge (Beckman-Coulter
Instruments, Indianapolis, IN) interference optical system given the high
loading concentrations of the mAb. A partial specific volume value of 0.725,
calculated based on the amino acid composition and carbohydrate content of the
NISTmAb using the software program SEDNTERP (kindly made available at
http://sednterp.unh.edu/), was used. The absorbance optical system is limited
to gradients where the highest absorbance is less than 0.8. The sedimentation
equilibrium data were analyzed using the software program HeteroAnalysis
(kindly made available at http://www.biotech.uconn.edu/auf/).

Initially, we performed a global fit to the equilibrium data using the Single,
Ideal Species model but observed an RMSD of 0.34 fringes (data not shown),
which is much higher than the random optical noise. Further analysis was
performed by grouping the data by loading concentration and fitting each of the
five groups of data at three different speeds to a model of a single, ideal species.
The apparent molecular weight from these five curve fits decreased with the
NISTmAb loading concentration (Figure 2A), which demonstrates the presence
of non-ideality effects. To account for and estimate the non-ideality in terms of
the second virial coefficient, we analyzed the equilibrium data using the single,
non-ideal species model. Global analysis of these data yielded a weight average
molecular weight of 149.9 kDa and an osmotic second virial coefficient of 1.67
× 10–4 mol mL/g2, which is in good agreement with the sequence molecular
weight of 148.0 kDa (G0F/G0F glycoform, Primary Structure chapter/Volume
2, Chapter 1) for the NISTmAb. The approximate relative abundance of the
five most abundant glycoforms (as measured via intact mass spectrometry in
the Primary Structure chapter/Volume 2, Chapter 1) also was used to calculate
a population average of the NISTmAb glycoforms (=148.3 kDa), which is also
in good agreement. The RMSD reduced from 0.34 fringes (single, ideal species
model) to 0.05 fringes upon application of the single, non-ideal species model.
Representative fits to the 0.3 and 8.0 mg/mL data are presented in Figure 2B
and 2C, respectively. Residual plots for the 0.3 mg/mL sample are relatively
random, but some systematic deviation is observed for the 8 mg/mL data. The
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U-shaped residuals with sharp increases at higher radial positions is indicative
of aggregation (13). However, the extent of aggregation appears to be minimal
given the good agreement of Mw and B2 with the orthogonal static light scattering
(SLS) measurements (Table 1). Measurements with SLS will be discussed in the
following section of the chapter.

Figure 2. Sedimentation equilibrium results for the NISTmAb demonstrating
(A) the change in apparent molecular weight (Mapp) as a function of loading
concentration using the single, ideal model fits and representative single,

non-ideal model fits to the (B) 0.3 mg/mL and (C) 8.0 mg/mL data.
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Table 1. Comparison of Molecular Weights by Three Orthogonal Techniques

Technique Molecular Weight
(kDa)

Second Virial
Coefficient, B2
(mol mL/g2)

Static light scattering 148
(solution, weight average)

1.64 × 10−4

Sedimentation
equilibrium

150
(solution, weight average)

1.67 × 10−4

Mass spectrometry 148.3
(sequence)

NA

Sedimentation Velocity-Analytical Ultracentrifugation (SV-AUC)

SV-AUC is a transport method useful for the analysis of macromolecular
systems on the basis of shape and mass. In a typical SV-AUC experiment, solute
particles are centrifuged at higher rotor speeds (compared with SE-AUC). The
resulting rapid sedimentation of solutes leads to the formation of a sedimentation
boundary representing the sedimentation front. The rate of radial movement of the
sedimentation boundary, or the sedimentation rate, can be measured and analyzed
to determine molecular shape, size distributions, and even protein–protein
interactions. Recent advances in the analysis of sedimentation data have led to
resurgence in the use of SV-AUC, particularly in size distribution analysis of
therapeutic proteins and in the analysis of interacting systems.

A sedimenting molecule is subjected to three forces: centrifugal force (fc),
buoyant force (fb), and frictional drag force (fd). Within a very short time (less
than 10−6 sec), these forces come into balance (Equation 6):

Substituting for the centrifugal, buoyant, and frictional forces, we get:

or:

where, ω2ρ is the angular acceleration, M is the molar mass of solute, N is
Avogadro’s number, v is the partial specific volume, ρ is the solvent density, f is
the solute frictional coefficient, ω is the angular velocity of the rotor, r is the radial
distance frommeniscus, and u is the observed radial velocity of the solute particle.

The sedimentation coefficient (s) is defined as the ratio of the linear velocity to
the angular acceleration of a sedimenting molecule and is a constant related to its
molecular properties (Equation 8). The sedimentation coefficient is proportional
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to the buoyant molecular weight of the solute and inversely proportional to its
frictional coefficient, which in turn is dependent on molecular shape and size. The
sedimentation coefficient has units of time and is commonly reported in svedberg
units (s), which corresponds to 10−13 seconds.

Employing the Stokes-Einstein relationship D = RT/Nf and substituting in
Equation 8 gives rise to the Svedberg equation (Equation 9):

where Mb is the buoyant molecular mass, R is the gas constant, and T is
the absolute temperature. In a sedimentation velocity experiment, diffusion
causes spreading of the sedimentation boundary, and the translational diffusion
coefficient, D, of a solute can be determined by analyzing the shape of a
sedimentation boundary. In sum, the sedimentation coefficient is determined
from the rate of boundary movement, whereas the diffusion coefficient can be
determined from boundary shape.

There are several model-independent and dependent methods developed
by researchers for the analysis of SV-AUC data, detailed descriptions of which
can be found elsewhere (11, 14, 15). Here, we employed the program SEDFIT,
particularly the c(s) or the continuous size distribution model within SEDFIT, for
the analysis of the NISTmAb SV-AUC data. The c(s) analysis is popular and used
widely for the determination of size distributions of therapeutic protein mixtures
(11). Briefly, the c(s) analysis enables direct modeling of experimental data for
computation of diffusion-deconvoluted sedimentation coefficient distribution
plots.

SV-AUC experiments were performed with a Beckman XL-I analytical
ultracentrifuge (Beckman Coulter, Brea, CA). On the day of each experiment,
samples were diluted in respective buffers (Table 2) to a concentration of 0.5
mg/mL. Samples were loaded into the sample sectors of 1.2 cm charcoal-filled
Epon centerpieces in analytical cells with sapphire or quartz windows. The
sample sector was loaded with 400 μL of diluted sample, and 410 μL of matched
buffer was used in the reference sector of the cell. Experiments were carried
out using either a 4-hole titanium An-60 Ti or an 8-hole An-50 Ti rotor with
the calibration counterweight placed in hole 4 or hole 8, respectively. Cell
alignment to the center of the rotor was verified using an alignment tool (Spin
Analytical, Berwick, ME) to provide precision cell alignment with the cell
housing. . An initial scan at 3000 RPM was performed to verify cell integrity
and to perform a radial calibration for the instrument. Samples were allowed
to reach temperature equilibrium at 20 °C before initiation of centrifugation at
high speed (40,000–50,000 RPM). Cell misalignment or insufficient temperature
equilibration, which may create temperature gradients, can result in falsely
elevated levels of higher molecular weight species (HMWS) (16). The data—100
scans of each cell, reporting concentration as a function of radial position—are
collected by absorbance scanning at 280 nm with a radial step size of 0.003 cm,
continuous scanning, 1 flash per channel. Data were analyzed using SEDFIT
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version 14.1, producing c(s) distributions. The parameters used for curve fitting
with SEDFIT are detailed in Table 2.

Table 2. Parameters Used for Curve Fitting with SEDFIT

Parameter Value Source

Partial specific volume 0.725 Protein sequence and carbohydrate
content

Buffer density, 25 mM
histidine

1.00000 g/mL Measured

Buffer density, 25 mM
Histidine, 150 mM NaCl

1.00615 g/mL Measured

Buffer viscosity, 25 mM
histidine

0.01013 poise Measured

Buffer viscosity, 25 mM
histidine, 150 mM NaCl

0.01025 poise Measured

Resolution 100, 200, or 451 Fitting setting optimized to have
a grid sedimentation coefficient
resolution close to the precision
of the measurement of the
sedimentation coefficient of the
main species

Lower s limit 2 svedberg units Fitting setting based on the
molecular weight of expected
species (choice confirmed by
curve fit, no species detected at or
smaller than low limit)

Higher s limit 20 svedberg units Fitting setting based on the
molecular weight of expected
species (choice confirmed by
curve fit, no species detected at or
greater than high limit)

Confidence ratio 0.68 or 0.95 Corresponds to approximately 1
standard deviation confidence

Base of cell 7.2 cm Geometry of rotor and cell

Meniscus Fitted Fitted

Frictional ratio Fitted Fitted

S, sedimentation coefficient.

Three different laboratories conducted experiments with the NISTmAb in
triplicate. The c(s) distributions of the NISTmAb in both solvent conditions
revealed the presence of a single species sedimenting at 6.3 s (Table 3). The
Stokes radius for the NISTmAb calculated using the sedimentation coefficient
and solution molecular weight (from SLS and SE-AUC) was 5.5 nm, consistent
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with that expected for a monomeric IgG1 and in good agreement with the average
value from dynamic light scattering (DLS) measurements (5.5 nm) as will be
discussed in a subsequent section of this chapter. The c(s) distribution plots also
indicate that the NISTmAb sample in both buffers is monodisperse with >99%
monomer and ~0.5% HMWS. These results are consistent with size exclusion
chromatography (SEC) analysis of the NISTmAb (Separation chapter/Volume 2,
Chapter 5 and studies herein). We also employed SV-AUC experiments coupled
with c(s) analysis for orthogonal verification of the SEC method developed for
the NISTmAb. We analyzed UV light-degraded NISTmAb samples by SV-AUC,
as well as SEC, a discussion of which follows.

Size Distribution Analysis by Sedimentation Velocity-Analytical
Ultracentrifugation: Comparison with Size Exclusion Chromatography

SEC is the principal method of analysis for monitoring size-related
degradation products (SRDPs) in mAbs and other protein-based drug products.
The method is simple and robust; its data analysis is model-independent and,
consequently, easily amenable for incorporation into quality control laboratories.
However, a SEC method has to be carefully developed and verified with
orthogonal techniques to ensure accuracy of the resulting size distributions (17).
The solution pH and ionic strength of the SECmobile phases invariably have to be
adjusted to optimize the separation of various SRDPs from the main peak (usually
monomer). Although separation may be optimized using such techniques, it
can lead to significant errors in the quantitation of SRDPs. The chosen mobile
phase may cause dissociation of aggregates or precipitation of SRDPs, which in
turn have the consequence of the sample displaying erroneously higher purity.
A large dilution of the sample upon injection also can cause dissociation of
aggregates. Conversely in some cases, the mobile phase solvent conditions can
trigger irreversible aggregation, causing an artificially high HMWS readout from
the sample. Interaction of the mAb with the gel filtration matrix also can lead to
incorrect computation of the relative proportions of various size-related species
in solution. It is for these reasons, coupled with the potentially undesirable safety
effects of aggregates, that regulatory agencies expect that results from a given
SEC method be verified using orthogonal techniques such as DLS, field-flow
fractionation (FFF), and/or SV-AUC (17).

Amongst the orthogonal techniques, SV-AUC has emerged as the dominant
method for the quantitation of SRDPs in mAb solutions. In a SV-AUC
experiment, a given sample mixture is subjected to sedimentation under a high
centrifugal field. The separation of solute components is based on the ratio of their
buoyant mass to the frictional coefficient, measured in terms of sedimentation
coefficients (s). Quantitation of SRDPs in a sedimenting mixture becomes
possible upon applying the c(s) analysis method assuming solution ideality
and when reversible self-association is absent or when its kinetics are slow
compared with the time scale of sedimentation. The c(s) analysis is a powerful
sedimentation velocity data analysis method which enables the construction
of high-resolution diffusion-deconvoluted distribution plots of the relative
abundance of various sedimenting species as a function of the sedimentation
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coefficient (11). The SV-AUC based analysis of SRDPs in mAb solutions
presents several advantages over SEC: (i) it is a physical first-principles-based
method enabling computation of absolute masses, (ii) does not involve the use of
mobile phases and experimentation is often possible in the formulation buffer,
(iii) relatively lower sample dilution as compared with SEC, and (iii) minimal
matrix effects, as the sector-shaped sedimentation velocity cell has a much lower
surface area/volume ratio as compared with gel-filtration matrices.

In the present study, we subjected the NISTmAb to UV-A radiation, which is
known to induce aggregation as well as hydrolysis in mAbs, to generate various
SRDPs. The exposure duration was optimized to generate ~5% aggregates or
HMWS. Exposure of the sample to UV radiation also resulted in the product
of ~5% clips or low molecular weight species (LMWs). Three different labs
analyzed the light-exposed, degraded NISTmAb mixtures by SV-AUC, and the
results were compared with those from SEC for orthogonal verification of the SEC
method (Table 3). An SEC method was performed as described in the Separation
chapter/Volume 2, Chapter 5.

The cumulative results of the SV-AUC analyses, which accounted for intra-
lab and inter-lab variability revealed the presence of a total of ~11% SRDPs, and
~89% monomer in the UV-light degraded the NISTmAb mixture (Figure 3A). A
similar distribution was observed by SEC (Figure 3B, Table 3). The SRDPs in turn
were found to be composed of ~5% of low molecular weight (LMW) and ~6% of
HMWS. We note that although the variation in user-chosen resolution (100–451)
during c(s) analysis and other variations experimental conditions may have led to
differences in HMWS and LMW species peak shapes in the c(s) distributions, their
relative amounts were very similar, within 20% relative error. Importantly, our
analysis shows that SV-AUC is a robust method for the size-distribution analysis
in mAb (protein) mixtures with relatively small intra-lab and inter-lab variability
(Table 3). The good agreement between SV-AUC and SEC results in the estimated
SRDPs shows that the developed SEC method may be suitable for the analysis of
SRDPs in the NISTmAb solutions.
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Figure 3. (A) Fitted distribution from one sedimentation velocity-analytical
ultracentrifugation (SV-AUC) experiment performed on UV-stressed NISTmAb.
The SEDFIT program produced the distribution function based on 100 scans
of concentration versus radial position fit with the settings and parameters
indicated in Table 2. (B) Chromatogram of the size exclusion chromatography
(SEC) analysis of control and UV-stressed NISTmAb. Analysis was performed on
a TSKgel G3000SWxL column as described in the Separation chapter/Volume

2, Chapter 5.
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Table 3. SV-AUC-Based Size-Distribution Analysis of UV Light-Degraded NISTmAb Mixturesa

Technique Lab Monomer(%) LMWS (%) HMWS (%) Monomer s (svedberg) RMSD Fit
(AU)

88.63 6.87 4.50 6.343 0.0051

89.31 5.99 4.70 6.345 0.00491

89.64 6.02 4.34 6.339 0.0051

Average (SD) 89.19 (0.51) 6.29 (0.16) 4.51 (0.18) 6.343 (0.003) NA

88.97 7.29 3.74 6.357 0.0047

87.19 7.14 4.57 6.3602

86.87 6.48 6.66 6.361 0.0055

Average (SD) 87.68 (1.13) 6.97 (0.43) 4.99 (1.50) 6.359 (0.002) NA

90.22 5.01 4.77 6.254 0.0061

89.07 5.03 5.91 6.284 0.00613

89.14 4.64 6.24 6.268 0.0060

SV-AUC

Average (SD) 89.48 (0.53) 4.89 (0.18) 5.64 (0.63) 6.269 (0.012) NA

SV-AUC overall average (SD) 88.78 (1.66) 6.05 (1.18) 5.04 (1.73) 6.32 (0.05)

SEC average, n = 3 (SD) 87.6 (0.1) 7.2 (0.1) 5.2 (0.1) NA NA

AU, absorbance units; HMWS, higher molecular weight species; LWMS, lower molecular weight species; RMSD, root-mean-square deviation; s,
sedimentation coefficient; SD, standard deviation; SEC, size exclusion chromatography; SV-AUC (sedimentation velocity-analytical ultracentrifugation. a

Experiments were conducted at 20 °C and 40,000 revolutions per minute (RPM) using the absorbance optical system.
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Light Scattering

When light of sufficiently small wavelength (small compared to a solute’s
size) interacts with a solute, the light scatters in all directions. The intensity,
angular dependence, and fluctuation in time of scattered light can provide
a wealth of information on the biophysical properties of macromolecules in
solution. Light scattering experiments are conducted in two modes: SLS and
DLS. SLS is orthogonal to SE-AUC and enables first-principles analysis of
absolute averaged-solution molecular weights, interaction energetics, molecular
dimensions (radii of gyration when multiple scattering angles are monitored),
and solution non-ideality. In DLS, analysis of macromolecular systems is based
on measurement of the diffusion coefficients of macromolecules. DLS can be
considered to be orthogonal to SV-AUC.

Static Light Scattering

SLS refers to the time-averaged total scattered intensity of a sample measured
at a given angle (θ) relative to an incident (laser) light source. Light scattering
arises from the interaction between the oscillating electric field produced by the
incident light and the electrons of the molecules in the sample. Detailed treatments
of the underlying molecular origins of light scattering with full derivations of the
working equations are available elsewhere (18–23). In the interest of brevity, a
sufficiently general starting point for the analysis of many systems of interest is
the following (24):

where Rθ is the excess Rayleigh ratio, c is the mass concentration,

K is an optical constant, is the mass-averaged molecular weight

(where Mi and ci are the molecular weight and mass
concentration of the ith species, respectively), P(q) is the form factor, and B2 is
the second virial coefficient. Rθ can be determined experimentally as:

where Is is the scattered intensity of the sample, I0 is the scattered intensity
of the background (solvent, buffer), Iref is the scattered intensity of a reference
solution (commonly toluene or benzene), nref is the refractive index of the reference
solution, and Rref is the Rayleigh ratio of the reference solution (25). K is a function
of both the instrument and of the sample of interest and is defined for vertically
polarized incident light as follows:
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where n0 is the refractive index of the background (solvent, buffer), dn/dc
is the refractive index increment (26), NA is Avogadro’s number, and λ0 is the
wavelength of the laser in vacuo.

Form factor P(q) captures the decrease in scattered intensity resulting from
interference between individual scattering centers within a large molecule and is
often written using the Guinier approximation (27) as:

where q is the magnitude of the scattering vector (q = 4πn0 sin(θ/2)/λ0,

where θ is the scattering angle), and is the z-average square radius

, where rg,i is the radius of the ith species.
Combining Equations 10 and 13 yields:

Inspection of Equation 14 shows that is obtained at the limit of infinite
dilution (c→ 0) and (q→ 0,P(q) → 1) infinitely small scattering angle, and that

and B2 are obtained from the angular- and concentration-dependence of the
scattered intensity, respectively.

A number of useful simplifying approximations can be applied to
Equation 14 based on the composition of the sample of interest. If the
characteristic length scale of the scatterers is small relative to the wavelength

of the laser , then the scattered intensity will be
independent of the scattering angle (isotropic), and the contribution of
the form factor can be neglected (P(q) → 1). Likewise, if the system is
composed of only one macromolecular scattering species (monodisperse), then
the weight- and z-averages are replaced by their single-species equivalents

. Finally, if the mass concentration of the
scatterers is low such that solution non-ideality does not contribute appreciably
to the measured scattered intensity, then the term containing the second virial
coefficient can be neglected (2B2c→ 0).

SLS is a versatile and powerful tool for characterizing both reversible and
irreversible assembly processes in solution. Size exclusion chromatography with
inlinemulti-angle light scattering (SEC-MALS) is now routinely used to determine
molecular weight of monomers and higher order oligomers/aggregates (23, 28).
In addition, composition gradient-multi-angle light scattering (CG-MALS) has
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been used to characterize both self- and hetero-association (29–31). As one of
the few techniques capable of directly interrogating concentrated systems, SLS
will continue to play an important role in HOS characterization.

To characterize the NISTmAb, SLS measurements were performed using
an ALV CGS-3 Compact Goniometer System with a LSE-5003 Light Scattering
Electronics and Multiple Tau Digital Correlator and a 22 mW HeNe laser at
632.8 nm (Langen, Germany). Scattering from all samples was confirmed to be
isotropic, and the results from each scattering angle were subsequently averaged.
Additional experimental parameters are included in Table 4.

The results of SLS measurements for the NISTmAb in 25 mM His, pH 6.0
buffer with and without 150 mM NaCl are shown in Figure 4. The data are well-
described by Equation 10 withP(q)→ 1 and keeping only the first term in the virial
expansion: Kc/Rθ = 1/Mw + 2B2c. The best-fit values and estimated uncertainties
forMw andB2 are shown in Table 5. The value ofB2 decreases by approximately an
order of magnitude in the presence of 150 mM NaCl, indicating that the increased
ionic strength is screening net repulsive electrostatic protein–protein interactions.
There is excellent agreement between the SLS estimates for Mw obtained in the
two different buffer systems and with values obtained from SE-AUC (150 kDa)
and mass spectrometry (148.3 kDa) analyses.

Table 4. Experimental Static Light Scattering Parameters Applied for the
NISTmAb Analysis

Parameter Value

Temperature Ambient (~23 °C)

Scattering angles 70°, 80°, 90°, 100°, 110°

Averaging time (per angle) 10 sec

Replicates (per angle) 3

Refractive index increment (dn/dc) 0.185 mL/g

Reference solution Toluene
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Figure 4. Static light scattering data for NIST IgG1 mAb in 25 mM histidine,
pH 6.0 buffer with (filled circles) and without (open circles) 150 mM sodium

chloride. Solid lines are best fits to the data from linear least-squares regression.

Table 5. Fitted Parameters from the Static Light Scattering Experiment
on the NISTmAb

25 mM Histidine, pH 6.0 25 mM Histidine 150 mM
NaCl, pH 6.0

Mw (kDa) 148 ± 3 144 ± 2

B2 × 104 (mol mL/g2) 1.64 ± 0.06 0.10 ± 0.03

Dynamic Light Scattering

DLS, also called quasi-elastic light scattering (QELS) or photon correlation
spectroscopy (PCS), uses the time fluctuations in Rayleigh scattering intensity in a
colloidal solution exhibiting Brownian motion to determine collective diffusivities
and hydrodynamic particle radius (e.g., Stokes radius via the Stokes-Einstein
equation for diffusion of spherical particles through a liquid with low Reynolds
number). The collective diffusivity relates the flux to the gradient in concentration
according to Fick’s law. In contrast to SLS and MALS detectors that measure
the time-averaged intensity of light scattered, DLS fast photon counter detectors
measure the time-dependent fluctuations of scattered light intensity (resulting
from interference of light scattered from the mobile colloids or proteins in
solution) on the order of 100 ns to 100 ms (32, 33). Dynamic information about
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the relative motion of particles is derived from the second order correlation
function, given by:

where I(t) is the intensity of the scattered light at time t, τ is a delay time,
and the brackets (< >) indicate averaging over all t. The exponential decay of
this function occurs due to the randomizing tendency of Brownian motion and is
mathematically related to the collective ormutual diffusivity coefficient, as follows
(32):

where B is the baseline of the correlation function at infinite delay; β is the
correlation function amplitude at zero delay; and Γ is the decay rate, which can
be obtained using a nonlinear least squares fit through the correlation function.
The collective diffusivity is then obtained from Γ using D = Γ/q2, where q is the
magnitude of the scattering vector and is given by:

where n0 is the solvent index of refraction, λ0 is the wavelength of the incident
light, and θ is the scattering angle.

DLS is a useful tool at relatively low concentrations, where contributions from
multiple scattering are small or negligible. From the collective diffusivity versus
concentration plot, the diffusion interaction parameter, kD, can be obtained from:

whereD0 is the self-diffusivity and c is the concentration. This approximation
is typically valid when c < 20 mg/mL (34, 35). Using the self-diffusivity, D0, the
intercept of the plot of Equation 18, the effective hydrodynamic radius, rh, of the
protein diffusing in the solvent can be obtained from the Stokes-Einstein equation:

where k is Boltzmann’s constant, T is the temperature in Kelvin, and η is the
solvent viscosity.

The diffusion interaction parameter, kD, measures the deviations of D from
solution ideality as a consequence of protein interactions. In general, a large
positive kD indicates net repulsive interactions, and a large negative kD indicates net
attractive interactions. Note that for Brownian hard spheres, D = D0 (1 + 1.47φ),
where φ is the volume fraction of the spheres (35, 36). In this case, the Brownian
hard spheres only interact due to their excluded volume and hydrodynamics, but
no other interparticle interaction. An effective hard sphere volume fraction for
proteins can be estimated in the dilute regime using:
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where c is the concentration in g/mL, M is the protein molecular weight, NA
is Avogadro’s number, and rh is the hydrodynamic radius. For mAbs, rh ~ 5.5
nm and M ~ 145 kDa, thus the effective volume occupied by the model spheres
representing the proteins can be obtained from Equation 19 and is φ ~ 2.9 c. In this
model, if the spheres representing the proteins behave like hard spheres without
additional intermolecular interactions, then D = D0 (1 + 4.26 c) so that kD ~ 4.26
mL/g. Therefore a kD larger than this indicates substantial repulsive interactions
(35, 36). The kD and the osmotic virial B2 coefficient, , are related according to the
equation:

where kS is the sedimentation interaction parameter, v is the partial specific
volume, and M is the molecular mass (34, 37).

To measure the kD for the NISTmAb, a concentration series of 20, 15, 10,
5, 2, and 1 mg/mL protein was prepared in 25 mM histidine buffer at pH 6.0. A
separate concentration series was prepared in 25 mM histidine buffer at pH 6.0
with 150 mMNaCl. Each of these formulations were filtered through a 0.1 micron
filter prior to the measurements using a centrifuge filter that also helped remove
air microbubbles. Aliquots (60 μL) of the filtered samples were transferred
into sterile, 384-well, glass-bottom Greiner Sensoplates (Greiner Bio-One,
Monroe, NC), and placed in the DLS instrument, the DynaPro PlateReader
Plus (Wyatt, Santa Barbara, CA) with the laser wavelength fixed at 828.9 nm.
Wyatt Technology Dynamics software was used to schedule and automate three
20-second acquisitions for each sample. Measurements were performed at 20
°C. The collective diffusivity, D, was determined for each IgG1 solution at the
given protein concentrations and in the two buffer systems. Sample replicate
(n = 3) data for each concentration were averaged to reduce systematic error in
the sample preparation and analysis. The diffusivity versus concentration plot is
shown in Figure 5.

The significant variability in the diffusivity for the 1 and 2 mg/mL
concentrations for the high salt case may be due to a small amount of unintended
microbubbles during the liquid transfer process. A weighted least squares method
was used to calculate the slope and intercept of the diffusivity versus concentration
plot in accordance with Equation 18. The results for the self-diffusivity, D0, the
diffusion interaction parameter, kD , and the hydrodynamic radius, rh, for the 0
and 150 mM NaCl cases at 20 °C are shown in the Table 6.
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Figure 5. The collective diffusivity, D, for the NISTmAb is shown as a function
of concentration for two different buffer systems. The diamonds represent the D
results in 25 mM histidine buffer, pH 6.0, and the squares represent the D in 25
mM histidine buffer, pH 6.0, with 150mM NaCl. The dashed line represents the
theoretical D based on the kD for colloidal hard spheres. The results for kD using
a weighted least squares method are kD = 18.7 ± 1.0 mL/g and −7.1 ± 1.9 mL/g

for the 0 and 150 mM NaCl cases, respectively (Lab 1 data).

Table 6. DLS Best Fit Parameters Determined for the NISTmAb by Two
Independent Labs

Buffer: 25mM His/His HCl with
0 mM NaCl, pH 6.0

Buffer: 25mM His/His HCl with
150 mM NaCl, pH 6.0

Lab 1

D0 × 107
(cm2/s) 4.04 ± 0.04 4.08 ± 0.09

kD (mL/g) 18.74 ± 1.07 -7.07 ± 1.93

rh (nm) 5.45 ± 0.05 5.26 ± 0.12

Lab 2

D0 × 107
(cm2/s) 3.89 ± 0.03 4.08 ± 0.02

kD (mL/g) 13.9 ± 0.5 -4.3 ± 0.3

rh (nm) 5.57 ± 0.04 5.72 ± 0.02

His, histidine.
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The results for D for the NISTmAb in the buffer with no NaCl showed
a positive slope and kD of 13.9 to 18.7 mL/g based on two independent lab
measurements, indicating repulsive self-interactions at these low concentrations.
On the other hand, the collective diffusivity results for the IgG1 in the buffer
with 150 mM NaCl showed a negative slope and kD of −4.3 to −7.1 mL/g,
potentially indicating weak attractive interactions. For reference, a dashed line
in Figure 5 shows the theoretical D based on the kD for colloidal hard spheres
(36, 37) with the same self-diffusivity and density as the NISTmAb. In the limit
as concentration approaches zero, D becomes the self-diffusivity, D0, and the
intercept on the vertical axis in Figure 5 shows that it is approximately 4.0 and 4.1
× 10−7 cm2/s for the 0 and 150 mM NaCl cases, respectively. The hydrodynamic
radius calculated from these are rh = 5.4 nm and 5.3 nm. For the case without
salt, the B2 obtained for the NISTmAb from the previous section is 1.6 × 10−4
mol mL/g2, which indicates repulsive interactions, consistent with the conclusion
based on the large positive kD value measured here. It is interesting to note that
the B2 corresponding to the NISTmAb in buffer with 150 mM NaCl is small but
positive, around 1.0 × 10−5 mol mL/g2, whereas its corresponding kD is negative.
However, closer examination reveals that this value of B2 is below that predicted
from a hard sphere model, which is 7.1 × 10−5 mol mL/g2 (38), thus pointing to
a weak attraction in the presence of 150 mM NaCl in the concentration range
studied.

Membrane-Confined Analytical Electrophoresis

Protein charge is a fundamental property that directly influences its
structure, stability, solubility, and ability to interact with other macromolecules.
The biopharmaceutical industry is striving to increase therapeutic protein
concentrations in order to decrease dosage volume. However, solutions of higher
protein concentration may exhibit high viscosity and be prone to phase separation.
These unfavorable solution properties are a reflection of the colloidal properties
of proteins. Charge–charge repulsion is the only long-range proximity energy
that maintains protein solubility and can overcome the attractive forces that lead
to high viscosities. Therefore, it is important to have routine ways to measure
protein charge.

The net charge is not a property of a protein. Rather, the charge on a protein
is a system property that may vary significantly with solvent composition, pH,
dielectric constant, and temperature. Therefore, the protein charge, calculated by
summing up the charge on each of its ionizable groups, may differ substantially
from an experimentally measured value because the calculated charge only
takes H+ binding into account and it is known that proteins may bind other ions,
particularly anions, and electrostatic interactions between ionizable sites can alter
the charge and lead to shifts in pKa.

Membrane-confined electrophoresis (MCE) is a first-principle method
for measuring the electrophoretic mobility, µ, effective charge, zeff , and
Debye-Hückel-Henry charge, zDHH, of macromolecules (39). The electrophoretic
mobility is the ratio of the velocity of the macromolecule, V, to the electric field,
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E: μ = V/E, and is the fundamental measurement made in free-boundary (also
called real-time) electrophoresis. The other two quantities, zeff and zDHH, are
calculated from µ as described below.

The commercial MCE instrument from Spin Analytical (Durham, NH) was
used to perform free-boundary (i.e., there is no supporting gel) electrophoretic
mobility measurements and steady-state electrophoresis measurements. This
instrument is composed of a 2 × 2 × 4 mm3 quartz cuvette whose ends are
sealed with semipermeable membranes (8000 molecular weight cutoff [MWCO],
Spectra/Por Biotech grade) that allow for the flow of water and small ions but
effectively trap the macromolecule of interest. An electric field gradient can
be applied lengthwise across the cuvette (i.e., membrane to membrane), and
absorbance across the cuvette can be measured as a function of distance from one
end. Movement of macromolecules under applied electric field can be monitored
in a dynamic mode (free-boundary electrophoretic mobility) or after a static
equilibrium has been established (steady-state electrophoresis), both of which are
described below.

Free-Boundary Electrophoretic Mobility

This technique requires a 20 µL aliquot of a 1 mg/mL protein sample loaded
into a 2 × 2 × 4 mm3 quartz cuvette whose ends are sealed with semipermeable
membranes (8000 MWCO, Spectra/Por Biotech grade) that allow for the flow
of water and small ions, but effectively trap the macromolecule of interest.
Absorbance across the cuvette can be measured as a function of distance from one
end. Throughout the experiment, the volume outside of the cuvette is replenished
continuously with fresh solvent at a constant flow of ~50 µL/min. Initially, the
macromolecule is at a uniform concentration in the cuvette. The electric field of
8.0 V/cm was applied longitudinally across the cell (i.e., membrane to membrane)
and maintained by a constant current power supply. The charged macromolecules
migrate in the electric field from one end of the cuvette to the other, resulting in a
moving boundary across the chamber. The intensity of this boundary is measured
as a function of distance, I(x), across the chamber at multiple time points.

Three independent experiments were performed with fresh 1 mg/mL
NISTmAb samples. The 280 nm light intensity scans were obtained for
approximately 20 minutes at 10 to 15 second intervals after power was applied.
The migrating boundary is presented in Figure 6A, with the starting and ending
scans selected for mobility calculations marked in color. Mobility data were
analyzed using the time-difference software supplied by Spin Analytical. The
software subtracts sequential intensity scans to produce several time difference,
ΔI/Δt, scans. The time-difference scans would present a series of peaks whose
midpoint positions would move at the same pace as the boundaries. By dividing
the position at each point by the time (an average of the time for the scans used
to calculate ΔI/Δt), the scan was acquired, the x-axis is converted from distance
to electrophoretic mobility, and the ΔI/Δt curves are superimposed on the peaks
in the curve at the electrophoretic mobility of the boundary. The resulting ΔI/Δt
curves (e.g., Figure 6B, showing zDHH) provide a visual representation of the
distribution. The shape of the peak is partly a consequence of the distribution
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of charge isotypes (and their lifetimes) in the sample, but it also is affected by
diffusion and conductance changes across the boundary. If there is a second peak
in the distribution, it indicates that there is a long-lived charge isomer. At present,
it appears that a second peak will be visible if the sample contains ~10% of a
component having a twofold charge difference (e.g., dimer or half-mer) from the
dominant species.

The experimental quantities useful for charge determination are the
electrophoretic mobility (the ratio of the velocity of a molecule, in cm/s, to the
electric field, in V/cm, µ = cm2/V s) and the effective valence:

where f is the translational friction coefficient, determined experimentally
from either sedimentation or diffusion measurement, and Qp is the proton
elementary charge (40). By dividing by QP, zeff is actually a valence (e.g., Na+ has
a +1 valence and SO42− has a −2 valence) rather than a charge, which would have
the units of coulombs. Both μ and zeff include the effects of solvent ion shielding
and the “electrophoretic effect,” which results from the distortion and transport of
the ion atmosphere in the vicinity of the protein. Consequently, μ and zeff do not
distinguish between bound ions and the Debye-Hückel ion cloud. zDHH adjusts
for the solvent shielding through the Debye-Hückel approximation (Equation 23).
By removing the effects of the solvent, zDHH is a measure of the charge (valence)
on the molecule. It is important to recognize that ions may be bound to a protein
either at a particular site (e.g., visible in X-ray or nuclear magnetic resonance
[NMR] structures) or as territorially bound ions (confined to a region on the
molecule that has a high electrical potential such that they cannot dissociate from
that region). Both site-bound and territorially bound ions contribute to the charge
on the macromolecule (i.e., zDHH). In contrast to bound ions, the Debye-Hückel
cloud is the disproportionation of the co-ions and counter-ions in the immediate
vicinity of the macromolecule and is the response of the solvent to the presence
of the charged macromolecule. The Debye-Hückel cloud does not contribute to
zDHH. Calculation of the Debye-Hückel-Henry valence, zDHH, adjusts for these
effects. zDHH may be calculated from either zeff or µ:

where kD is the inverse Debye length (in cm–1), which depends on the temperature
and the square root of the ionic strength; a is the sum of the Stokes radii of the
protein and its counterion; and H is Henry’s function (40).

For the NISTmAb in 25 mM His, 150 mM NaCl, pH 6.0, a = 5.68 nm (the
Stokes radius of the NISTmAb is 5.5 nm, and for Cl– is 0.18 nm) and kD = 3.9 ×
10−6 cm−1.

The results presented in Figures 6A and 6B for the NISTmAb sample
yield an electrophoretic mobility measurement of 2.36 × 10–5 ± 0.02 cm2/V s,
resulting in a calculated zDHH of 10.8 ± 0.1. The anticipated precision of charge
measurements from electrophoretic mobility measurements has been estimated to
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be 7% for serum albumin (41), and the accuracy for the charge measurement by
electrophoresis has been estimated to be 8% for hen egg white lysozyme (40). It is
anticipated that the precision and accuracy for this IgG1 will be comparable. Thus,
given this level of uncertainty, zDHH for the NISTmAb molecule is calculated
to be 11 ± 1. Because charge–charge repulsion contributes to protein solubility
and reduced solution viscosity, protein charge is an important contributor to
the colloidal properties of a molecule. For a molecule with a radius of ~5 nm,
the NISTmAb would be predicted to have marginal colloidal stability. The
concentration-dependent DLS data (Figure 5) are in accord with this prediction;
in low salt, where charge–charge repulsion is greater, kD is positive, indicating net
repulsive interactions, whereas in 150 mM salt, where charge–charge repulsion is
reduced, kD is negative, indicating net attractive interactions. These observations
are in accord with the proximity energy framework (42).
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Figure 6. Charge (zDHH) determination for the NISTmAb in 150 mM NaCl, 25
mM histidine, pH 6.0 by membrane-confined electrophoresis (MCE). (A) Raw
MCE intensity scans acquired at 10–15 second intervals during electrophoresis.
The data show the light intensity (vertical axis) as a function of the distance
(in cm) moved from the membrane (horizontal axis). As the protein boundary
passes a position, the light intensity increases. The time difference analysis is
done in between the green and red concentration traces. The highlighted scans
encompass the data used for analysis, and the vertical lines enclose the region
used for subsequent analysis. The first-difference (Δc/Δt) electrophoretic mobility
distribution is calculated for successive 2-minute intervals (10 scans) of the

selected data in Panel A. The mobility calculated from these data is 2.36 × 10−5
± 0.02 cm2/V s. (B) Charge distribution (zDHH) calculated from the mobility
distribution using a measured Stokes radius of 5.5 nm for the NISTmAb is 10.8 ±
0.1. The vertical axis shows the time derivative (ΔI/Δt) of the intensity data in
panel A as a function of zDHH (horizontal axis). The peak position is zDHH.

(see color insert)

Membrane-Confined Electrophoresis-Steady-State Electrophoresis
(MCE-SSE)

MCE-SSE is a steady-state electrophoresis technique that provides a
direct measurement of protein’s effective charge, Z×e (39). For the MCE-SSE
measurements, the measurements were conducted in the same instrument as the
mobility measurements at 20.0 °C ± 0.1 °C, using an electric field of 0.4 V/cm.
Blank scans were acquired after the NISTmAb had been pushed to the bottom
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membrane using a field of 8 V/cm for approximately 10 minutes. The program
WinMatch (www.rasmb.org) was used to establish that steady state had been
reached, which required ~18 hours for each field. Concentration profiles from the
different fields were analyzed by using the WinNonlin (www.rasmb.org) program
to obtain the zeff and the ZUtilities program (www.rasmb.org) to calculate zDHH.
The graph presented in Figure 7 is a representative, time-invariant concentration
gradient for the NISTmAb measured by MCE-SSE.

From the exponent, σ, equal to 21 ± 2 (Figure 7), zeff is determined to be
1.33±0.13, which results in a calculated value of zDHH of 9.7±0.8. Calculations
of zeff and zDHH were made using ZUtilities, with E = 0.4 V/cm, an ionic strength
of 0.172 mM, Rs = 5.5 nm for the protein, Rs = 0.18 nm for Cl−, and a dielectric
constant of 78. The value of zDHH from the steady-state measurements is consistent
with the value obtained from the electrophoretic mobility measurements.

MCE-SSE is considered the most accurate way to determine protein charge.
The accuracy stems from the facts that there are no sharp concentration gradients
to affect the electric field and that the macromolecule does not contribute to the
current and hence does not contribute to the electric field. However, the long times
to reach steady-state (hours) compared to the time needed to measure the mobility
(minutes) makes mobility measurements preferable.

Figure 7. Steady-state electrophoresis results for the time-invariant mAb
concentration gradient (measured as A280) at 0.4 V/cm. The same MCE

instrument is used as for the mobility determination (Figure 6), but at a much
lower electric field. At the lower field, the electrophoretic flux is exactly balanced
by the diffusive flux at each position in the cuvette. The exponent, σ, is given by

, where zeff = Qeff/QP, E is the electric field, kB is the Boltzmann
constant, and T is the absolute temperature. The vertical arrows mark the top
and bottom membrane positions. The insert shows the residuals to the nonlinear

least-squares fit of the concentration profile to a single exponential.
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Signatures of Secondary and Tertiary Structure

Differential Scanning Calorimetry

Thermal stability is a significant characterization parameter that is an
indicator of overall protein stability and can be important for many aspects
of protein expression and functioning. Thermal stability is described by the
resistance of a protein to unfolding at elevated temperatures. The assessment
of thermostability includes the monitoring of protein unfolding as a function of
temperature. This is usually accomplished by following a change in heat capacity,
fluorescence, or CD with increasing temperature. The midpoint of the transition
from the fully folded state to the fully unfolded one is taken as the protein melting
point, Tm. Low Tm indicates a low thermal stability and a low energy barrier for
conformational changes caused by protein–protein, protein–surface (43), or other
protein interactions. The major method for measurement of thermal stability is
DSC, which requires a significant amount of protein and the typical sample scan
takes about 1–2 hours to complete, depending on the temperature range and the
scanning rate. The alternative way to measure protein thermostability is based
on the fluorescence of extrinsic probes sensitive to a hydrophobic environment
(44). The method is called DSF. The fluorescence intensity is monitored during
a temperature scan, and the midpoint of the measured transition is determined as
the melting temperature. Originally, this method was applied to the screening
of ligand binding to the target protein (45), but it also has been used for the
evaluation of crystallization and general stability (46, 47). DSF also has been
applied to the screening of antibodies in different formulations and showed a
good correlation with the unfolding temperature determined by DSC (48).

DSC finds important application in the characterization of protein stability
and structure. Stability is a major challenge associated with protein drug products,
and almost every degradation pathway, such as aggregation, deamidation or
oxidation, can stem from or lead to the loss of native protein structure. DSC
is unparalleled for measuring the thermodynamic stability in terms of the
Gibbs free energy of unfolding under solution conditions conducive to ensuring
reversibility (49). However, thermodynamic stability is difficult to measure
in “real,” pharmaceutically relevant, multidomain proteins such as antibodies.
The necessary condition of reversibility for thermodynamic analysis is often
difficult to achieve for such large proteins, particularly in solution conditions
of relevance to biopharmaceutical formulations. Nonetheless, DSC has found
widespread application in screening molecules and solution conditions using
domain midpoint transition temperatures (Tm) or onset temperatures of unfolding.
In many cases, the Tm serves as a practical measure of protein conformational
stability (50). Importantly, the Tm for a given fold of a protein domain and for a
given set of solution conditions can be expected to remain constant. Any changes
in Tm can indicate subtle misfolding, covalent degradation-induced reduction in
conformational stability, or a change in solvent composition. This fact can be
employed effectively to make a comparative assessment of changes to the HOS of
the protein. The effect of solutes on Tm is routinely employed to select favorable
formulation solution compositions.
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Here, wemeasured the thermal unfolding transition using a capillary-VP-DSC
(MicroCal, MA) instrument. The experimental parameters chosen are detailed in
Table 7.

Table 7. Experimental DSC Parameters Applied to the NISTmAb Analysisa

Parameter Value

Approx. protein conc. (mg/mL)b 0.5

Starting Temperature (°C) 30

Final Temperature (°C) 110

Scan rate (°C/h) 60

Prescan thermostat (min) 15

Postscan thermostat (min) 0

Filter period (s) 10

Feedback None

Molar Mass (kDa) 148

Ext. coeff. at 280 nm (mL/mg cm) 1.42

DSC, differential scanning calorimeter. a Instrument used was a MicroCal Capillary
VP-DSC with autosampler. b Actual protein concentration was measured using a
UV-visible spectrophotometer. The measured protein concentration was used to normalize
the thermograms during data analysis.

Additional experimental details were as follows. Thermograms for the
NISTmAb were acquired in both 25 mM His/His-HCl and 25 mM His/His-HCl
plus 150 mM NaCl solutions. For each solution condition, two buffer scans were
acquired prior to each protein (the NISTmAb) scan to establish thermal history.
Between injections, the cells were rinsed with formulation buffer without NaCl
(1 syringe, 2 value rinses). No “cleaning” cycle between samples was used.
During data analysis, a given buffer scan was subtracted from its corresponding
sample scan following which a progressive baseline was determined. Samples
were normalized to moles of protein loaded. The Tm for each unfolding event was
determined by integrating each peak. The results of the DSC studies are tabulated
in Table 8.

As seen (Figure 8), the thermal unfolding of the NISTmAb is characterized
by three endotherms at ~70, 80, and 90 °C. Based on previous calorimetric studies
with IgGs, the first transition can be assigned to the melting of the CH2 domain,
followed by the CH3, and finally by the Fabs. In this study, the NISTmAb displays
peculiar behavior as in most antibodies, the CH3 domain unfolding transition is
usually observed after the Fabs (which display the largest endotherms) (50, 51).
However, this reversal of order of unfolding transitions precisely would form
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a characteristic HOS imprint for the NISTmAb. Further, the presence of NaCl
appears to destabilize the NISTmAb (Figure 8), consistent with the salt effects
observed for other antibodies (50). There is a consistent decrease in the Tms of all
three domains in the presence of NaCl, which is also consistent with previously
reported studies on other mAbs (50).

Table 8. DSC Results for the NISTmAb Analysis

We also evaluated the reversibility of unfolding of domains in three
independent experiments in which the temperature was ramped to different
temperatures, cooled, and rescanned. In the His/His-HCl buffer system, CH2
domain displays reversibility of unfolding, whereas the CH3 and Fab transitions
appear to be irreversible in this buffer system (Figure 8). The addition of NaCl
also appears to reduce the reversibility of the CH2 domain further, suggesting a
reduction in conformational stability of the molecule. Loss of reversibility has
been previously correlated to increased aggregation in solution (52). These data
are consistent with the results of the complementary DSF studies discussed below.
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Figure 8. Differential scanning calorimetry (DSC) profiles of the NISTmAb in
25 mM histidine, pH 6.0 buffer without (A) and with (B) 150 mM NaCl at three
different maximum temperatures. The NISTmAb was analyzed three times in each
buffer system to evaluate the reversibility of the domains. For each analysis, the
initial scan is shown in blue and the second rescan to assess percent reversibility

is in red. (see color insert)

Differential Scanning Fluorimetry

As a complimentary technique to DSC, DSF measurements were performed
according to the previously developed method (48) with some modifications.
NISTmAb solutions at corresponding concentrations were added to a 96-well
plastic microplate at 49.0 µL per well. SYPRO® Orange dye (Invitrogen Inc.
Carlsbad, CA) was diluted (1:100 dilution of stock) in 10 mM acetate, pH
5.0 buffer, and 1 µL of the diluted dye was added to each well, making the
final dilution 1:5000. DSF measurements were made using a BioRad CFX96
thermal cycler platform instrument (Bio-Rad Laboratories, Inc., Hercules, CA).
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The fluorescence of the dye during protein melting was monitored using the
fluorescence resonance energy transfer (FRET) mode while the temperature was
increased from 20.0 to 95.0 °C by 0.2 °C increments. Samples were equilibrated
at each temperature for 5 seconds before taking the fluorescence readings.
The fluorescence signal was then plotted as a function of temperature, and the
temperature of hydrophobic exposure, Th, was determined as the mid-point of the
lowest temperature transition from the first derivative plot as determined by the
CFX Manager™ software (Bio-Rad Laboratories, Inc., Hercules, CA).

The NISTmAb was characterized by DSF in two buffers (Table 9) at
concentrations of 1, 2, 5, and 10 mg/mL. The results are shown in Figure 9. The
temperatures of hydrophobic exposure are shown in Table 9. As is shown in
Figure 9, the NISTmAb has a DSF profile similar to a typical IgG profile, with a
Th value between 60 and 70 °C. The slight Th decrease in the presence of NaCl
also is expected. No significant change of Th is observed at different protein
concentrations. At pH 6.0, the temperatures of unfolding for the CH2 and Fab
domains of the IgG molecule are overlaid, and it is difficult to distinguish them on
a DSF scan. The method is applicable to a wide range of protein concentrations
and formulation conditions. A significant limitation for the measurements could
be the presence of detergent in the formulation, which interferes with Sypro®
Orange and some other extrinsic probes. New probes insensitive to surfactants
have been introduced to avoid this problem (53).

Table 9. NISTmAb Hydrophobic Exposure Temperatures Using DSF

10 mg/mL 5 mg/mL 2 mg/mL 1 mg/mL

25 mM histidine, pH 6.0 66.8 66.2 66.2 66.6

25 mM histidine, 150 mM NaCl,
pH 6.0 64.2 64.4 64.4 64.8
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Figure 9. Differential scanning fluorimetry (DSF) profiles of the NISTmAb at
different concentrations in 25 mM histidine, pH 6.0 buffer without (A and B) and
with (C and D) 150 mM NaCl. The plots for fluorescence versus temperature
dependence (A and C) and its first derivative (B and D) are shown. (see color

insert)

Fourier Transform Infrared Spectroscopy

Therapeutic antibodies are typically formulated in liquid at high
concentrations, which is particularly important for subcutaneous delivery to avoid
high dosage volume (54). When developing high concentration formulations,
stress factors such as pH, temperature, and mechanical and oxidative stress,
among other stressors play critical roles in determining the physical and chemical
stability of biopharmaceuticals. With many biophysical methods, it is difficult
to characterize the solution behavior of antibodies at high concentrations. This
problem is avoided using FTIR spectroscopy (55). The main advantage of
FTIR spectroscopy is the ability to monitor the aggregation that is commonly
encountered by proteins during high concentration formulation development (56,
57) both in solid and liquid dosage forms. The technique also is well suited for
analyzing β-sheet-rich proteins (e.g., antibodies) because the β-sheet contribution
has the highest absorption coefficient (58). More importantly, the absorbance
of the β-sheet component of a well-folded antibody can be distinguished from
that of an aggregate because of the conversion of the intramolecular β-sheet at
~1635 cm–1 to that of an intermolecular aggregate at 1620 cm–1. In particular,
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attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy is
a powerful method for studying protein conformational changes (59) as a function
of solution and temperature changes. It is a fast, label-free, non-destructive
technique requiring only a few micrograms of sample.

The absorption of infrared radiation excites vibrational transitions in
molecules. The infrared region of the electromagnetic spectrum ranges from the
visible to the microwave region. By convention, it is expressed as wavenumber,
(i.e., as number of waves per centimeter, cm–1) and usually defined for
wavenumbers of 10,000 to 10 cm–1. An IR spectrum of a sample is obtained by
measuring the intensity of the IR radiation before and after passage through the
sample. The introduction of FTIR spectroscopy removed a main drawback of the
classical dispersive IR spectroscopy, which is the slow accumulation speed due
to collection of signals from one wavelength after another. In FTIR spectroscopy,
an interferogram of two beams produced by a beam splitter and a movable mirror
is recorded. It turned out that this interferogram is the Fourier transformation
of a spectrum. A second, digital Fourier transformation converts the recorded
signal back into a spectrum. For protein analytics, the mid-IR region (4000–1000
cm–1) is of main interest, as it is dominated by two major types of vibrations:
stretching vibrations (υ), which involve changes in the length of a chemical
bond, and bending vibrations, which involve changes in the angle of chemical
bonds (δ—in plane, π—out of plane). The vibration strength thus depends on the
strength of the bond (single, double, or triple) and the length of the bond, in other
words, the sort of atoms which are connected (C-H, C-O). The FTIR spectrum of
a protein is dominated by the vibration of the peptide bond and is sensitive to its
chemical environment. Therefore, the hydrogen bonds in the secondary structure
influence the wavenumber of the peptide bonds in a protein FTIR spectrum. The
vibrational stretching of the C=O bonds of the peptide backbone contribute in the
1680–1620 cm–1 range and form the amide I band, and the vibrational stretching
of the peptide C-N bonds and the vibrational change in the angle of the N-H
bonds contribute in the 1560–1520 cm–1 range and form the amide II band. The
complex mix of N-H in-plane bending and C-N stretching vibrations give rise to
amide III bands in the 1330–1230 cm–1 range. In general, amide I (1700–1600
cm–1), amide II (1580–1480 cm–1), and amide III (1330–1230 cm–1) are used to
study the conformational changes of proteins in IR. In particular, amide I is the
most sensitive, fingerprint region for protein secondary structure.

In this study, the NISTmAb samples were prepared at 10 mg/mL, 25 mg/mL,
50 mg/mL, and 100 mg/mL concentrations in 25 mM histidine, pH 6.0 buffer with
and without 150 mM NaCl. The concentrations were measured in triplicate using
a Nanodrop UV-Visible spectrophotometer (Nanodrop 8000, Thermo Scientific),
which is one of the very few techniques that offers precise measurement of high-
concentration protein samples.

Spectra were acquired using a Smart Orbit diamond attenuated total
reflection (ATR, attenuated total reflectance) accessory (Thermo Scientific) that
was installed in a FTIR spectrophotometer (Thermo Scientific, Nicolet 6700
spectrophotometer). The mercury cadmium telluride (MCT) detector was cooled
with liquid nitrogen 30 minutes prior to the analysis. A drop of mAb solution at
different concentrations was placed onto the surface of the ATR diamond crystal,
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and 128 scans were recorded at 4 cm–1 resolution for background, buffer, and
sample collections in the 1800–1400 cm–1 region. The protein spectra (after
buffer subtraction) were plotted in OriginPro 8G (OriginLab, Northampton, MA)
and smoothed using a 9-point Savitsky-Golay function (four each side). Second
derivative plots were then constructed in amide I region (1700–1600 cm–1) of the
protein spectra that were baseline corrected.

Assignment of amide I peaks of the antibody is shown in Table 10.
Absorbance spectra of the antibody at different concentrations and the
corresponding second derivative plots in the buffer with no salt (Figure 10A and
10B) and in the buffer with 150 mM salt (Figure 11A and 11B) are shown below.

Table 10. Assignment of Amide I Frequency Peaks of IgG According to the
Literature. Source: (60, 61).

Frequency (cm–1) Assignment

1612 Side chain vibration or intramolecular
β-sheet

1636, 1689 Intramolecular β-sheet

1664 Turns

The spectrum of the native NISTmAb is dominated by the band at 1636
cm–1 in the amide I region, indicative of intramolecular native β-sheets. Second
derivative plots (Figure 10B and Figure 11B) showed additional bands. The
two bands at 1664 cm–1 and 1689 cm–1 can be assigned to turns and β-sheets,
respectively. The mode that is seen at 1612 cm–1 can be assigned to side chain
vibration or β-sheets. In the above figures (Figures 10 and 11), the NISTmAb
spectra at different concentrations and buffers are overlaid to see if there is
any concentration- or salt-induced conformational changes. As clearly seen
from the peaks, the spectra of the NISTmAb at all different conditions showed
only major components that correspond to native β-sheets and turns. The
results imply that the protein neither undergoes secondary structural changes
nor shows propensity for aggregation as the concentration increases. Thus, the
secondary structure of the NISTmAb can be shown to have native structure at all
experimental conditions measured. This observation is a critical factor during
high-concentration formulation development.

FTIR also is used widely in monitoring conformational changes in solid state
as lyophilization is one of the commonly used methods to enhance stability of
protein therapeutics during long-term storage.
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Figure 10. (A). Absorbance spectra of the NISTmAb samples at different
concentrations in histidine buffer with no salt. (B) Second derivative plots of the

corresponding NISTmAb samples in the amide I region. (see color insert)
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Figure 11. (A). Absorbance spectra of the NISTmAb samples at different
concentrations in histidine buffer with 150 mM salt. (B) Second derivative plots
of the corresponding NISTmAb samples in the amide I region. (see color insert)

322

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
6

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1201.ch006&iName=master.img-044.jpg&w=323&h=501


Circular Dichroism

CD is a spectroscopic technique utilizing circularly polarized light in
the ultraviolet (electronic) or infrared (vibrational) region. CD spectroscopy
measures the difference between the left-handed and right-handed circularly
polarized light absorption of chirally active samples as a function of wavelength.
The difference in these absorbances is called “ellipticity.” Proteins are optically
active because their basic building blocks are L-amino acid subunits. In addition,
protein secondary structures give rise to specific wavelength-dependent ellipticity
changes arising from electronic transitions: n → π* and π → π*. The peptide
bonds adopt a specific, relative chiral orientation depending on the secondary
structure, for example, α-helices (ellipticity signal maximum at 193 nm, minimum
at 208 and 222 nm) (62), β-sheets (ellipticity maximum at 195 nm, minimum at
218 nm) (63), or random coil (ellipticity maximum ~215 nm, minimum at 195
nm) (64). The region we use to study the changes in secondary structure is the
far-UV, and it extends from 180 to 250 nm.

Furthermore, other UV-active chromophores that affect ellipticity are
aromatic residues due to four electronically excited valence states (1Lb, 1La,
1Bb, and 1Ba) (65). Fixed chiral orientations of the aromatic side chains, such
as tryptophan (266 nm), tyrosine (265–290 nm), and phenylalanine (~265 nm),
give rise to ellipticity signals in the near-UV range (250–340 nm) (66). If these
side chains are involved in hydrophobic contacts, then they might be sensitive to
tertiary structure because changes in the chiral orientation of these moieties could
result in alterations to the spectrum. Although histidine and disulfide bonds also
weakly contribute to near-UV CD, they are generally not considered.

Lastly, the sensitivity of these two regions are different. The far-UV region
is orders of magnitude more sensitive than near-UV. Practically, we acquire data
from these two regions in separate experiments in which the concentration and
cuvette path length are optimized. CD is sensitive to all chiral molecules in the
sample, which typically precludes the use of a histidine buffer system because
the histidine-contributed background signal would dominate the overall spectrum.
However, the NISTmAb formulation has a low histidine concentration (25 mM)
that can be compatible with CD if the cuvette path length is sufficiently short and
the protein concentration sufficiently high. In other buffer systems, desalting may
be required.

The preparation of mAb samples will generally depend on the wavelength
region studied; far-UV is approximately 100-fold more sensitive than near-UV.
In the case of the NISTmAb, the sample was used neat at a concentration of 10
mg/mL for both far- and near-UV regions. The far-UV CD was measured using a
very short path length cuvette, 0.001 cm, compared to the near-UV, which required
a 0.1 cm cuvette.

The data collected were analyzed as follows. A blank spectrum measured
using a buffer only sample was subtracted from the raw sample spectrum. The
resulting difference spectrum was then offset-corrected such that the maximum
wavelength is zero. Finally, the ellipticity data were normalized to mean residue
ellipticity (deg cm2/dmol residues), or MRE, and molar ellipticity (deg cm2/ dmol)
for the far- and near-UV, respectively.

323

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
6

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



The far-UV CD spectrum (190–250 nm) is consistent with a predominantly
β-sheet protein, which was expected for the mAb standard (Figure 12). The key
feature is a minimum at 218 nm. Due to the increased overall UV absorbance
and corresponding high-tension voltage increase, the range from 190 to 195 nm is
less reliable and will depend on the quality of the instrument. The near-UV CD
spectrum (250–350 nm) has spectral qualities attributable to the many tryptophan,
tyrosine, and phenylalanine amino acids in the protein (Figure 12). There are some
minor noise spikes at 272–275 nm.

Figure 12. Molecular ellipticity for the proposed IgG1 NISTmAb at the far- and
near-UV wavelength range spanning 190 to 340 nm.

Conclusions
In this collaboration, researchers from different institutions and industries

used multiple techniques for characterizing the HOS of mAb in different buffers
at varying concentrations. Each methodology informs on various biophysical
parameters of a protein therapeutic, the theory and application of which are
exemplified herein with optimized results collected on the NISTmAb.

The global size and mass of the NISTmAb were first measured by AUC and
light scattering, which rely on orthogonal first principles. Such methodologies
are critical to ensuring proper quaternary structure of mAb-based therapeutics
as well as evaluating propensity for aggregation during formulation screening.
Protein charge also plays a major role in determining the developability of
high-concentration liquid formulation. One of the true first-principle methods to
determine charge is MCE, and using this technique, the NISTmAb is found to be
positively charged at the measured experimental conditions.
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Thermal stability is one of the key product attributes that determine the
inherent stability of the molecule. DSC remains as an unparalleled technique to
assess the thermodynamic stability of proteins in a given buffer condition. As
observed in DSC, the NISTmAb exhibited reversal order of unfolding transition
that is characteristic of a higher order structural imprint. Also, salt-induced
destabilization was observed for all three domains in DSC. By using the DSF
technique, temperature-dependent unfolding of the mAb at different lower
concentrations was monitored. The DSF profile of the NISTmAb was typical of
an IgG profile with a melting temperature between 60 and 70 °C, and the presence
of salt slightly decreased the thermal stability of the mAb. The results from both
DSC and DSF are consistent, implying that this mAb undergoes similar tertiary
conformational changes at increased temperatures.

CD spectroscopy is a well-known, rapid technique for secondary structure
and tertiary structure characterization at 10 mg/mL concentration. Both far-UV
and near-UV CD spectrum of NISTmAb samples showed spectral qualities
attributable to predominant β-sheet protein structure. For high-concentration
samples, a complementary tool, ATR-FTIR, was used, and at all tested
experimental conditions, mAb samples retained their native secondary structures
with or without the addition of sodium chloride.

The techniques described herein are critical to all life cycle stages of a drug
product. Initial developability screening of candidate molecules hinges greatly on
its biophysical stability. A subsequent characterization of these attributes further
informs the higher order structural identity. Such methods also play a critical role
in identifying optimum formulations to assure stability and, therefore, ultimately
a consistent supply of safe and efficacious product to the patient.
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Chapter 7

Developability Assessment of a Proposed
NIST Monoclonal Antibody

Dorina Saro,*,1 Audrey Baker,1 Robert Hepler,1
Stacey Spencer,1 Rick Bruce,2 Steven LaBrenz,2
Mark Chiu,1 Darryl Davis,1 and Steven E. Lang1

1Analytical Discovery Group, Biologics Research,
Biotechnology Center of Excellence,

Janssen Research & Development, LLC,
Spring House, Pennsylvania 19477, United States

2Drug Product Development, Parentals and Liquids Formulation,
Janssen Research & Development, LLC,

Malvern, Pennsylvania 19355, United States
*E-mail: dsaro@its.jnj.com

Developability is a term used to describe a process of evaluating
potential lead candidate molecules for chances of being
successfully developed into drug products. The developability
evaluation encompasses a set of biochemical and biophysical
assays used to characterize biotherapeutics and provide
information on the integrity; purity; and conformational,
structural, and chemical stability of the molecules. Candidates
that do not present a favorable profile during the developability
evaluation are eliminated at early stages in the drug discovery
process or are redesigned to avoid potential issues that may
occur during the lifecycle of a biotherapeutic. The proposed
National Institute of Standards and Technology monoclonal
antibody (NISTmAb) was evaluated through a developability
process designed for mAb drug candidates. The NISTmAb is
not intended to be a therapeutic molecule, and it is used in this
developability assessment as a class-specific, representative
IgG1 mAb. The goal is to provide a starting point for our
development organization for tracking and trending purposes
and a data set for senior managers to highlight potential risks.
There are no set criteria for each assay and each data point is
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treated as part of a holistic data set designed to tell as much
about the whole molecule as possible in a 4-week timeframe.

The biochemical and biophysical attributes of the
NISTmAb were evaluated under different conditions for
stability and integrity. The molecule was concentrated to levels
above 100 mg/mL and was stable in phosphate-buffered saline
(PBS) buffer when stored at 4 °C up to 1 month as judged
by microfluidic electrophoresis, capillary isoelectric focusing
(cIEF), size-exclusion chromatography–multi-angle light
scattering (SEC-MALS), and dynamic light scattering (DLS)
methods. The NISTmAb was shown to be thermally stable by
differential scanning calorimetry (DSC). The NISTmAb has
minimal self-interactions or association with other polyclonal
IgG (poly IgG) molecules as estimated by self-interaction
chromatography (SIC) and cross-interaction chromatography
(CIC) methods. The NISTmAb is compatible with sera as
demonstrated by the Phase Separation assay. The testing
of NISTmAb for post-translational modifications included
the effects of thermal stress, deamidation induced by high
pH, and photo-oxidation. The NISTmAb was resistant to
photo-oxidation but showed increased heterogeneity after
thermal and high pH stress as evaluated by orthogonal analytical
assays. The colloidal stability and the solubility of the
NISTmAb in buffers with varying pH values was tested using
high-throughput UV and DLS analysis. The molecule was
stable under buffer conditions of various pH values that were
tested. Based upon the complete data package, the NISTmAb
has a favorable developability profile and the changes observed
in the molecule after stress conditions do not represent risks
that cannot be mitigated with the right formulation and control
strategy at later stages in the drug discovery and development
process.

Introduction

Developability is a process of evaluating the potential of manufacturing
human monoclonal antibodies (mAbs) into biological therapeutic drugs in liquid
or lyophilized formulation by confirming their biochemical and biophysical
properties at release and under forced degradation conditions (1). These properties
often include but are not limited to solubility, thermal stability, structural and
conformational integrity, minimal association with itself and other molecules,
and resistance to stress-inducing agents/factors during production and storage.
Developability assessment is seen as a critical component of the discovery or
pre-clinical stages of drug development. The typical biochemical and biophysical
assays that are employed to determine the aforementioned properties of a human
mAb comprise “concentratability” or solubility, microfluidic electrophoresis,

330

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
7

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



capillary isoelectric focusing (cIEF), size-exclusion chromatography–multi-angle
light scattering (SEC-MALS), dynamic light scattering (DLS), cross-interaction
chromatography (CIC), self-interaction chromatography (SIC), differential
scanning calorimetry (DSC), and Phase Separation in serum analysis. The
developability assessment is an integral part of discovery programs to help to
ensure that molecules entering clinical trials have biochemical and biophysical
properties that are amenable to upstream and downstream processing, formulation,
and storage under acceptable conditions. The heterogeneity or lack of a suitable
profile in any of the properties is then either related to a change in functional
activity, clearance, or safety (1). Testing at early drug discovery stages for stability
and integrity is important in reducing overall costs of the drug development
process by reducing the failure rate due to nonclinical outcomes or less than
optimal clinical outcomes as a result of product-related impurities that cause a
loss of efficacy or safety. Multiple candidates are typically assessed at this stage
with a small amount of material required.

Developability is a term used to encompass several aspects of pharmaceutical
production as it relates to the chances of arriving at a successfully marketed
therapeutic, discovery activities, early expression and purification (small-scale
production), protein engineering, and finally large-scale good manufacturing
practice (GMP) protein product (manufacturability). As such, it involves
determining key process steps or attributes (process knowledge) and relating
those to key protein attributes or outcomes (product knowledge). Early in the
life cycle, one cannot in general predict all of the critical quality attributes of a
protein. Based upon internal and external knowledge, companies make strategic
decisions on at what stage the developability process takes place and what the
focus of the outcome is. For this reason, each biopharmaceutical company pursues
an assessment of the attributes of a potential protein therapeutic in relation to
the necessary processing steps to produce a drug product differently. Common
aspects of protein therapeutic stability assessments are in silico risk assessment,
protein engineering of high-risk attributes, platform assessment (process and
assay fit), and stability assessment. Each of these steps can be performed during
both screening and selection phases.

Many of the techniques or assays used in the developability process have
been highlighted in other chapters of this volume. A key aspect of the process
is that the disconnected temporal and spatial aspect of a retrospective review
is removed and, therefore, a consistent chain of custody allows one to make
inferences that otherwise would be open to interpretation. For instance, if two
orthogonal techniques that both assess aggregation provide results that are deemed
not comparable, a logical conclusion would be that the techniques themselves
are the root cause. All too often, however, root cause analysis arrives at the
conclusion that storage or sample treatment is different and, therefore, the sample
itself is different.

One often-overlooked critical component of developability is the work flow
and how it is organized in order to maximize the information from which key
decisions will be made. As an example, one could organize the work flow and
results around the attributes being tested. Other possibilities are mimicking the
needs of subfunctions (quality control [QC], release, stability indicating, primary
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structure, and modifications) or phases (early-phase needs leading into late-phase
testing).

National Institute of Standards and Technology (NIST) mAb was evaluated
through the same developability process designed to evaluate clinical candidates
although the molecule itself is not planned to be developed into a therapeutic
molecule. The NISTmAb serves as an isotype-specific molecule to highlight a
developability assessment protocol. For this assessment, the work was organized
around general attributes and was focused on providing information that could be
used downstream (i.e., at later phases) of the discovery process. The assays used
in this work test the molecule for purity, homogeneity, conformational stability,
and resistance to stress. The ability of the molecule to interact with itself, as
well as poly IgG molecules and sera, also were evaluated. The solubility of the
NISTmAb also was addressed in this work. Because there was no target product
profile (TPP) to work from, it should be noted up front that the data are treated as
data without a predetermined limit or criteria. There was no assessment of criteria
or analytical outcome for the NIST reference material (RM). In short, there is
no acceptable or unacceptable limit of modification or assay shift. It depends on
where the modification is; what the modification is; how it affects other outcomes
such as binding; and, ultimately, on the risk each program is willing to accept.
Some programs are willing to take more risk; therefore, the outcome is looked
at holistically across all assays, and a risk assessment can be produced for each
molecule. Just as importantly, the desired attributes of both the product and the
process are tied to the TPP, which ultimately dictates how drug product will be
administered (intravenously or subcutaneously) and packaged (high concentration
in a vial or self-injectable syringe). Specifically in the case of the NISTmAb, there
were no functional assays to compare alongside the forced degradation conditions.
For this reason, it would be hard to say whether a certain change in, for example,
deamidation is relevant to activity.

Overall, the data indicate that the NISTmAb is stable and can be concentrated
at levels above 100 mg/mL in phosphate-buffered saline (PBS) buffer and should
be able to be processed and stored in an appropriate formulation with minor
deamidation risk.

Materials and Methods

NIST candidate RM 8670 (humanized mAb, IgG1κ, lot # 3F1b) material was
dialyzed extensively in 1x Dulbecco’s phosphate-buffered saline (DPBS) (2.7 mM
KCl, 1.5 mM KH2PO4, 136.9 mM NaCl, 8.9 mM Na2HPO4·7H2O, no Ca2+/Mg2+,
purchased from Invitrogen [Gibco, Grand Island, NY]) buffer to remove any trace
of formulation buffer prior to analysis.

Solubility and Stability

The NIST sample was concentrated using a Millipore concentrator with 30K
molecular weight cutoff (MWCO) membrane and centrifuged at speeds of 4500
revolutions per minute (RPM) at 23 °C. The sample was checked intermittently
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by visual inspection for any signs of precipitation until the desired volume was
reached to obtain concentration > 100 mg/mL. Concentration was determined
at this step by diluting a sample 100-fold in PBS. Triplicate measurements
were performed. Concentration was determined on an Agilent 8453 diode
array spectrophotometer using the extinction coefficient 1.4 calculated from the
primary amino acid sequence at 280 nm. After the concentration step, the sample
was stored overnight at 4 °C. The following morning, the concentrated sample
was placed at room temperature for equilibration. The sample was visually
inspected for any signs of precipitation, and a fraction was removed for analytical
characterization of the NIST candidate by micro-sodium dodecyl sulfate (SDS),
cIEF, DLS, SEC-MALS, and serum compatibility. Stability of the sample was
analyzed at 4 °C after incubating for different time periods (0, 1, and 4 weeks).
At each time point, the sample were visually inspected for any signs of apparent
aggregation and characterized by micro-SDS, cIEF, SEC-MALS, and DLS for
any sample variation, including soluble or insoluble aggregation.

Microfluidic Electrophoresis

Microfluidic electrophoresis Caliper LabChip GXII (PerkinElmer, Waltham,
MA) was used following the manufacturer’s instructions. For the reducing
conditions, a 5 μL aliquot of NIST sample diluted to 1 to 2 mg/mL was added to a
well in a 96-well plate. A 30 μL portion of reducing sample buffer (10x NuPAGE
sample reducing buffer diluted 1:10 in HT Protein Express Sample Buffer) was
added to each sample. The sample was heated at 70 °C for 15 minutes on a
Caliper LabChip GXII (PerkinElmer, Waltham, MA). A 4 μL portion of 100
mg/mL iodoacetamide (in 1 M Tris) solution was added to each sample, and then
71 μL of distilled water was added for a final sample volume of 110 μL.

For the nonreducing conditions, a 5 μL protein sample at 1 to 2 mg/mL was
added to a well in a 96-well plate. A 30 μL portion of HT Protein Express Sample
Buffer was added to each sample. A 4 μL aliquot of 100 mg/mL iodoacetamide
(in 1 M Tris) solution was added to each sample. The sample was heated at 70 °C
for 15 minutes. A 71 μL portion of distilled water was added to each sample for
a final sample volume of 110 μL.

A 12 μL sample of the proprietary ladder (PerkinElmer, Waltham, MA) was
heated at 70 °C for 15 minutes. A 120 μL portion of distilled water was then added
to the ladder. The analysis proceeded as according to the HT Protein Express
200 assay, using a Protein Express chip prepared according to manufacturer’s
instructions (PerkinElmer, Waltham, MA).

Capillary Isoelectric Focusing

The NIST sample and an internal control mAb were characterized on an
iCE280 Bioanalyzer (Protein Simple, San Jose, CA). The NIST sample was
analyzed at 0.25 mg/mL in 0.35% methyl cellulose, 4% pH 3–10 Pharmalytes,
and 4% pH 5–8 Pharmalytes (GE Healthcare). Calibration markers at pI 5.1 and
pI 9.5 (Sigma Aldrich) were included at 1% (v/v). The samples were analyzed
with a 1 minute prefocusing time at 1500V and 9 minute focusing time at 3000V
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at 10 °C. Results were integrated using ChromPerfect software. The pI of the
samples was assigned based on the intensity of the highest peak.

Size-Exclusion Chromatography–Multi-Angle Light Scattering

Injections of 100 µg to 200 µg of NIST sample were made onto a
pre-equilibrated Tosoh TSKgel BioAssist G3SWxl column, 7.8 mm x 30 cm,
5 µm, PEEK housing (Tosoh) column in 1x DPBS (Gibco, Grand Island, NY)
buffer. The protein species were eluted at a flow rate of 0.35 mL/min at room
temperature in 1x DPBS buffer. The absorbance at 280 nm was monitored using
an Agilent MWD detector. The refractive index signal at 685 nm was monitored
using an OptiLab rEX differential refractometer (Wyatt Technology Inc., Santa
Barbara, CA), and light scattering signals were monitored at 690 nm using a
DAWN-EOS MALS detector (Wyatt Technology Inc., Santa Barbara, CA). Two
injections of 100 µg of bovine serum albumin (BSA) were similarly analyzed
to serve as a system control for MALS signal normalization. Molecular weight
calculations were performed with Astra software (Wyatt Technology Inc., Santa
Barbara, CA) using a generic protein dn/dc value of 0.185 mL/g (2).

Dynamic Light Scattering

DLS, also known as photon correlation spectroscopy (PCS), provides
information about the size and shape of molecules in solution. To differentiate
the presence (or absence) of various sized species, the hydrodynamic radii (Rh)
and percent polydispersity (Pd) of the samples were determined. Large percent
Pd values are indicative of molecular heterogeneity. Particle sizes and size
distributions of all samples were determined using a DynaPro Plate Reader (Wyatt
Technology Inc., Santa Barbara, CA) at 23 °C. A 30 µL portion of each sample
at a nominal concentration of 1 mg/mL was placed in Corning® 384-well black
polystyrene plates with clear flat bottoms (CLS3540). Triplicate measurements
were performed for the NIST sample, with each measurement consisting of 20
runs. The refractive index of 1.333 at 589 nm for PBS buffer at 20 °C was used
(a standard value embedded in the software by the manufacturer). The method of
cumulants was used to analyze the data.

Differential Scanning Calorimetry

DSC experiments were performed using a MicroCal Auto VP-capillary
DSC system (GE Healthcare) in which temperature differences between the
reference and sample cell were continuously measured and converted to power
units. Samples were heated from 25 °C to 95 °C at a rate of 1 °C/min. A prescan
time of 10 minutes and a filtering period of 10 seconds were used for each run.
DSC measurements were made at a NISTmAb concentration of approximately
0.5 mg/mL in 1x DPBS buffer in duplicates. Analysis of the resulting data was
performed using MicroCal Origin 7 software.
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Phase Separation in Serum

The experimental setup for this assay was the same as previously described
(3). Briefly, the NIST sample at 146.5 mg/mL in PBS buffer was diluted 1:1
with human, mouse, and cynomolgus monkey (cyno) sera purchased from
Bioreclamation (Hicksville, NY). PBS buffer and a proprietary mAb control at
50 mg/mL concentration were used in the same setup as described (3). Two µL
of the mAb/serum mixture were pipetted into 4 µL wells of an HR8-142 96-Well
Corning 3554 Crystal EX microplate (Hampton Research). Wells were imaged
using a light microscope (Optical Apparatus Company) fitted with a Nikon SMZ
100 lens at 10x magnification.

Cross-Interaction Chromatography

Purified polyclonal human IgG was obtained from Sigma and resuspended
in 0.1 M NaHCO3, pH 8.1, 0.5 M NaCl. The protein was then coupled to a 1
mL HiTrap NHS-activated column (GE Healthcare # 17-0716-01) for 5 hours at
room temperature. Coupling efficiency was estimated by measuring the protein
concentration before and after the coupling step. Remaining reactive groups on
the resin were blocked overnight at 2 to 8 °C in 0.5 M ethanolamine, pH 8.1, 0.5
M NaCl. A control column was prepared by blocking all reactive groups with
ethanolamine, as described above.

Separations were performed on both IgG-coupled and control columns.
NISTmAb samples were prepared by diluting to 0.1 mg/mL in 1x DPBS. A 20
µL aliquot of each sample and control were injected onto both columns at a flow
rate of 0.1 mL/min. Peaks were visualized by monitoring the absorbance at 215
nm. Retention times were determined using the HPLC system software.

A correction factor was determined for each protein sample using the
retention times of the protein and acetone on the non-IgG-containing column.
The retention factor on the IgG-coupled column was then adjusted with the
correction factor to determine the chromatographic retention factor (k′) using the
relationship given below, where VR is the elution volume of the sample on the
protein coupled column, V0 is the elution volume from the control column, tR is
the retention time on the protein-coupled column, and tM is the retention time on
the control column. The retention time is defined as the elution time of the peak
maximum (4):

Self-Interaction Chromatography

The NIST sample was dialyzed overnight in coupling buffer (0.1 M NaHCO3,
pH 8.1, 0.5 M NaCl). A 1 mg sample of NISTmAb was coupled to 0.1 mL
of resin (0.025 g dry Toyopearl AF-tresyl-650M chromatography resin, Tosoh
Biosciences, pre-swollen with deionized water and washed in coupling buffer).
The coupling reaction was allowed to proceed for 5 hours at room temperature
before the resin was washed twice with 1 mL of coupling buffer. The remaining
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tresyl groups were capped by incubating the resin in 0.5 M ethanolamine, pH
8.1, 0.5 M NaCl, overnight at 2 to 8 °C. The coupled resin was packed in an
18 cm chromatography column and equilibrated in PBS using a flow rate of 60
µL/min until the bed height stabilized. The integrity of the packing procedure
was verified by injecting a 20 μL sample of 10% acetone (aqueous). Experiments
were carried out on an Agilent HPLC equipped with an autosampler. NISTmAb
samples were prepared by diluting to 0.1 mg/mL in PBS. Each sample (and the
acetone control) was injected at 20 μL onto the column and eluted at a flow rate
of 60 µL/min in PBS. Peaks were visualized by monitoring the absorbance at
215 nm. Retention times were determined using Chemstation software. The
chromatographic retention factor, k′, was calculated as described previously in
the CIC section above. The second virial coefficient (B22) was determined using
the relationships given below as described by Payne et al. (5):

where MW is the molecular weight of the protein, phi2 is the phase ratio or the
available surface area per stationary phase volume calculated from the properties
of the matrix based on a published method (6), rho is the number of peptide
molecules per unit surface area, and BHS is the calculated exclusion volume:

Post-Translational Modification Risk Assessment

Post-translational modification (PTM) risk assessment of NISTmAb
candidate was performed by determining the susceptibility of methionine and
tryptophan to photo-oxidative stress and asparagine residues to deamidative stress
at elevated pH. Stressed samples were submitted for analysis by microfluidic
electrophoresis, cIEF, SEC-MALS and DLS.

Photo-oxidative stress consisted of exposure to white light for 5 days and UV
light for 1 day. One sample of NIST in PBS at about 1 mg/mL was placed in
a validated Photostability Chamber (Caron, Model 6545-1) at 25 °C. Efficiency
of photo-exposure was determined by performing quinine chemical actinometry
as recommended by ICH guidelines (7). Two samples containing 2% quinine,
one wrapped with aluminum foil and the other unwrapped, were placed in the
photo-chamber.

For deamidative stress at high pH, a sample of NISTmAb was dialyzed into
pH 8.9 phosphate buffer and incubated at 37 °C for 5 days. After incubation, the
sample was dialyzed back into PBS, pH 7.4. An unstressed sample at 4 °C in PBS
was used as a control for both photo-oxidation and deamidation stress samples.
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Thermal Stress. In order to check susceptibility of the NISTmAb to long-term
storage, the sample at 10 mg/mL concentration was subjected to thermal stress at
40 °C for 2 weeks in PBS, pH 7.4.

Pre-Formulation Buffer Screen of the NIST Candidate Using
High-Throughput Formulation with UV and DLS Analysis

The NIST sample was desalted using Zeba columns (Thermo Scientific, 40K
MWCO) and buffer exchanged to final buffer (10mMhistidine, pH 6.3) prior to the
screen. The 96-well plate used for data collection was prepared with a Freeslate
CM3 High-Throughput Biologics Formulation System. A NIST stock solution
of 2 mg/mL and a series of 8 buffers (200 mM each, with pH varying from 3.5
to 8.4) were used. The buffers used for the screen were: 200 mM citrate (pH
3.5), 200 mM acetate (pH 4.2), 200 mM acetate (pH 4.9), 200 mM histidine (pH
5.6), 200 mM histidine (pH 6.3), 200 mM phosphate (pH 7.0), 200 mM phosphate
(pH 7.7), and 200 mM Tris/acetate (pH 8.4). The final NIST concentration in the
well was 0.2 mg/mL, and each buffer was 50 mM. A 100 µL paraffin oil aliquot
was placed over each sample to avoid evaporation during the run. Absorbance
at 350 nm was measured before and after the DLS temperature ramp (TRamp)
using a Molecular Devices SpectraMax plate reader instrument. The DLS was
measuredwith aDynaPro (Wyatt Technology Inc., Santa Barbara, CA) plate reader
instrument. The scans were recorded as 17 connected isotherms starting at 26 °C
and continuing step-wise through successive isotherms, ending at 70 °C.

Results and Discussion
Concentratability

Therapeutic antibody molecules are often administered in humans at high
concentration due to large dose requirements for treatment and poor tolerance
of volumes administered in excess of 1.5 mL (8, 9). To test the ability of NIST
material to reach high concentration for proper administration, the sample was
dialyzed in PBS buffer to remove all traces of formulation buffer and concentrated
from 10 mg/mL initially (the nominal concentration) to 146.5 mg/mL (> 100
mg/mL). The rationale for using PBS buffer for all the mAb samples during
the developability assessment is based on the necessity to create the same
testing conditions for all the molecules that go through the process in order to
make the comparisons and conclusions more meaningful. Table 1 summarizes
the concentration of NIST material. The sample was visibly clear and can be
concentrated to > 100 mg/mL in PBS without the formation of visible protein
aggregates or precipitants. 100 mg/mL was chosen as a target because for
subcutaneous administration, concentrations of drug product as high as this could
be expected. The concentrated sample was kept at 4 °C for the duration of the
assessment. At the specified time points, the concentrated sample was taken
out and allowed to equilibrate at room temperature, and the concentration was
measured for the diluted aliquots in triplicates. The stability of the NISTmAb
was determined in PBS after incubation at 4 °C for 1 day (week 0), 1 week,
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and 4 weeks. Except for the sample used in the Phase Separation assay, all of
the samples that were used for further characterization were diluted from the
concentrate to levels of 0.5 to 1 mg/mL in PBS buffer with serum that comes
from the concentrated material.

Table 1. Summary of Protein Concentration of NISTmAb in PBSa

Final Concentration (mg/mL)
Lot ID

Nominal
Concentration
(mg/mL)

Upon
Concentration Week 0 Week 1 Week 4

3F1b 10 146.5 ± 0.9 151 ± 8.2 150.9 ± 1.8 152.0 ± 5.1
a The values in the Table represent average values and standard deviations from triplicate
measurements. NISTmAb: National Institute of Standards and Technology monoclonal
antibody, PBS: phosphate-buffered saline.

Microfluidic Electrophoresis

Electrophoresis is a widely used analytical method used to determine a
macromolecule’s size and purity based on the principles of separation on a gel
matrix (10). Technological advancements of the electrophoresis methods using
capillary and microfluidic devices have allowed for increased sensitivity and
throughput of the method (11). We have used a microfluidic-based electrophoresis
system for determining the size and the purity levels of the NISTmAb. Briefly,
the method is based on the separation of the samples in a microfluidic chip
that mimics the gel environment (LabChip GXII platform). The protein is
fluorescently labelled while it is running in the chip, allowing for increased
sensitivity of the detection. The method can be run under native, nonreducing
conditions and reducing conditions. For a mAb sample under native conditions, a
single band is detected, corresponding to the molecular weight (MW) of the intact
molecule. Under reducing conditions, both the heavy chain (HC) and light chain
(LC) are detected. The microfluidic method allows for less sensitivity compared
to capillary electrophoresis method but offers higher throughput (12).

The size and purity of the NIST sample was verified by microfluidic
electrophoresis analysis of the material before concentration and of the
concentrated material at different time points in a 1 month period. Figure 1 shows
the microfluidic electrophoresis profiles of NIST material after incubation at 4 °C
for week 0, week 1m and week 4 at > 100 mg/mL. The profile of NISTmAb was
typical of that of a mAb: a single band in nonreducing condition, corresponding
to the MW of an intact mAb, and two bands in reducing conditions, corresponding
to the MW of HC and LC. Similar bands were observed in the NIST sample
microfluidic electrophoresis profiles performed before the concentration step
(Table 2). The percent mAb or purity results from this assay are well within the
limits needed for clinical work. For phase 1 studies, purity above 90% is a typical
cutoff.
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Figure 1. Microfluidic electrophoresis profiles of National Institute of Standards
and Technology monoclonal antibody (NISTmAb) material before and after
incubation at high concentration at 4 °C. Release, Week 0, Week 1, and Week
4 were analyzed at 1 mg/mL concentration. NR: nonreducing, R: reducing

conditions.

Table 2. Summary of Microfluidic Electrophoresis Quantification of
NISTmAb after Incubation at High Concentration at 4 °Ca

Time Point % mAb NR % mAb R

Release 99.4 99.4

Week 0 99.6 99.6

Week 1 99.8 99.7

Week 4 98.9 99.3
a The values in the Table for the reducing conditions (R) represent the sum of the values for
the light chain and heavy chain. NISTmAb: National Institute of Standards and Technology
monoclonal antibody, NR: non-reducing, R: reducing conditions.

Capillary Isoelectric Focusing

cIEF is the method of choice used to determine the charge distribution of
biological molecules, especially of the mAb samples (13). The method allows
detection of different glycosylation variants of the mAbs (14, 15), deamidation,
engineered sites in the molecules (16), and any other modifications that affect the
molecule’s charge (17, 18).

The charge distribution of the NIST sample was verified by cIEF analysis
of the material. Figure 2 shows the cIEF profile of NISTmAb. The cIEF profile
of NIST indicates that the experimental pI of the material is 9.17, representing
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71% of the peak area. The predicted pI value of the molecule based on the
primary amino acid sequence is calculated to be 8.9 (19), but these calculations
do not take into account the potential PTMs in the molecule that result in a charge
change. Importantly, the NIST material did not have significant changes upon
concentration and storage at 4 °C up to a 1-month period, as indicated by the
values of experimental pI detected at different time points (weeks 0, 1, and 4). A
slight increase in sample heterogeneity was observed after a 1 month incubation
at 4 °C, as indicated by a decrease of the main peak area.

Figure 2. Capillary isoelectric focusing (cIEF) profile of National Institute of
Standards and Technology monoclonal antibody (NISTmAb) at 1 mg/mL.

Size-Exclusion Chromatography–Multi-Angle Light Scattering

SEC is the method of choice used to determine sample size distribution based
on separation of species in a gel matrix, presence of aggregates, fragmentation,
and other modifications that result in size changes in molecules. The method is
quantitative and, typically, the absorbance is used to determine the presence of
size variants in the sample.

We have used a SEC system coupled to Multi-Angle Light Scattering detector
(SEC-MALS) to determine the size and the distribution of species present in the
NIST sample. The NIST samples were analyzed before and after concentration
at different time points, up to a 1 month period. Figure 3 and Table 3 show the
levels of main-monomeric species present in the sample after incubation at high
concentration. SEC-MALS profiles of all of the NISTmAb samples exhibited >
99% of the main peak (monomer) of the expected size of 150 kDa. Moreover, the
incubation at 4 °C for up to a 1 month period did not have any significant effect
on the size distribution of the samples as indicated by the percent monomeric peak
present in all of them. These results are well within acceptable typical acceptable
levels for monomeric content. Although it does depend on product and phase,
greater than 99% purity would be acceptable throughout most of the development
lifecycle.

340

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
7

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1201.ch007&iName=master.img-004.jpg&w=276&h=147


Figure 3. Size-exclusion chromatography–multi-angle light scattering
(SEC-MALS) profiles of National Institute of Standards and Technology

monoclonal antibody (NISTmAb) after incubation at high concentration at 4 °C.
Chromatograms for Week 0 (green), Week 1 (blue), and Week 4 (red) samples

are shown.

Table 3. SEC-MALS Data of NISTmAb after Incubation at High
Concentration at 4 °Ca

Time Point Monomer (%)

Release 100

Week 0 100

Week 1 99.8

Week 4 99.4
aData show the amount of main species present in the release samples and stability samples
at high concentration after week 0, week 1, and week 4 incubation at 4 °C. NISTmAb:
National Institute of Standards and Technology monoclonal antibody, SEC-MALS: size-
exclusion chromatography–multi-angle light scattering.

Dynamic Light Scattering

DLS is a method used to detect the particle sizes in solution based on the
scattering of light. The scattering intensity is a function of the particle size;
therefore, the method is very sensitive to the presence of aggregates in the sample.
The development of plate readers and the relatively low sample requirements for
the DLS measurements have increased the use and the throughput of the method
in pharmaceutical drug discovery processes. The scattering intensity change is
measured as function of time and used to determine the diffusion coefficient,
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from which the hydrodynamic radius, Rh, is calculated. DLS results are highly
sensitive to the presence of aggregates due to a strong dependence of the light
scattering intensity on the hydrodynamic radius (20, 21).

Soluble aggregates and subvisible particles in the release and stability samples
were determined by DLS after incubation at 4 °C for up to a 1 month period.
Table 4 shows the Rh-average, percent Pd values, and percentage mass of the NIST
candidate at different time points. All of the samples yielded a peakwith a radius of
5.2 to 5.4 nm, with percent mass values of 100%. These results are consistent with
the presence of monomeric IgG species with the expected MW range for a ~150
kDa molecule. The percent Pd was determined to be less than 8.4%, indicative
of monodispersed, homogeneous species. Typical values for mAbs would be Rh
values at approximately 7 and percent Pd values less than 15%.

Table 4. DLS Data of NISTmAb after Incubation at 4 °C at High
Concentrationa

Time Point Rh (nm) Pd (%) Mass (%)

Control 5.4 7.9 100.0

Week 0 5.4 8.4 100.0

Week 1 5.3 7.0 100.0

Week 4 5.2 4.7 100.0
a Values represent averages of triplicate measurements at 1 mg/mL concentration. DLS:
dynamic light scattering, NISTmAb: National Institute of Standards and Technology
monoclonal antibody, Pd: polydispersity, Rh: hydrodynamic radius.

Differential Scanning Calorimetry

DSC is the standard method used to determine the thermal stability of
therapeutic molecules. The method is quantitative (22), and the automation has
helped to increase the method throughput (23). In general, it has been observed
that the low-temperature thermal transitions determined by DSC correlate with
long storage conditions for the therapeutic molecules (24). For multidomain
molecules like mAbs, several transitions are observed during a DSC experiment,
corresponding to the unfolding events of each of the domains. Typically in an
IgG1 molecule, the lowest transition belongs to the CH2 domain and the highest
transition to the CH3 domain. The Fab domain of the IgG1 molecule shows
temperature transitions that vary depending on the sequence of the variable region
(25). Understanding the thermal stability of the Fab region is important in the
candidate screening process because it has been suggested that stabilization of the
thermal unfolding of the Fab domain through formulation can be more effective
in improving the long storage stability of therapeutic molecules than the increase
of the first unfolding transition (26).

The thermal stability of the proposed NIST candidate mAb samples was
determined by DSC thermal unfolding of the sample from 25 to 95 °C in PBS
buffer. Representative DSC thermograms indicating the transitions are shown in
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Figure 4 for duplicate runs. The data were analyzed using the “non two state”
function in Origin software and are summarized in Table 5. The NIST sample
shows three main thermal transitions assigned as the CH2 domain at 71.2 °C, the
CH3 domain at 84.1 °C, and the Fab domain at 88.9 °C. An analysis of 17 IgG1
mAbs by DSC shows that the Fab region exhibited thermal unfolding transitions
with midpoints (T[M]s) varying from 57 to 82 °C (25). Compared to this panel
of IgG1 molecules, the NIST Fab is more stable (88.9 °C); therefore, it can be
concluded that the molecule has a favorable developability profile based on the
DSC data.

Figure 4. Thermograms of the thermal unfolding of National Institute of
Standards and Technology monoclonal antibody (NISTmAb). Results from

duplicate runs are shown (red: run 1, dashed pink: run 2).

Table 5. Summary of the DSC Data for the NISTmAb Samplea

Run Tm 1
(°C)

ΔH1
(cal/mol)

Tm 2
(°C)

ΔH1
(cal/mol)

Tm 3
°C)

ΔH3
(cal/mol)

Total ΔH
(cal/mol)

1 71.2 1.86E+05 84.0 4.95E+05 88.9 5.38E+05 1.22e+06

2 71.2 1.69E+05 84.1 4.65E+05 88.9 5.29E+05 1.16e+06
a DSC: Differential Scanning Calorimetry, NISTmAb: National Institute of Standards and
Technology monoclonal antibody.

Phase Separation in Serum

Because therapeutic mAb molecules are administered at high concentrations,
it is important to assess the process of mixing of the mAb candidates with serum
to avoid problems that can arise at later stages during in vivo testing. For this
reason, we have developed a miniaturized assay (3) that allows the detection of
phase separation during the process of mixing the mAb with serum. The assay
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mimics physiological conditions where the mAb in formulation buffer at high
concentration is injected and the initial concentration at the injection site is high.
If the mixing with the serum is not homogeneous, this could lead to ineffective
mAb distribution and even cause irritation at the injection site (27). The phase
separation of the NISTmAb in sera was evaluated as part of the developability
assessment, as we would typically do with therapeutic candidates at discovery
stages. NISTmAb sample (at 146.5 mg/mL) in PBS was mixed in equal volume
with human, cyno, or mouse serum, as described inMaterials andMethods. Figure
5 shows images of themixtures of NISTmAbwith human, cyno, andmouse serum.
PBS was used as a negative control, and a proprietary serum-incompatible mAb
(control mAb) was used as a positive control and showed phase separation when
combined with sera. The images show that NISTmAb when mixed with sera at
high concentration forms a homogeneous mixture without any phase separation
observed. In comparison to the control mAb images, which have clear phase
separation (droplets), the NISTmAb images are clear.

Figure 5. Phase separation testing of National Institute of Standards and
Technology monoclonal antibody (NISTmAb) with human, cynomolgus monkey,
and mouse sera. A monoclonal antibody that is known to be incompatible with

sera (control mAb) was used as a positive control.

Cross-Interaction Chromatography

CIC is a method developed by our scientists (5) as a high-throughput
screening tool to predict the apparent solubility of a protein relative to the
solubility of known ones. The principle of the method is the measurement of weak
protein-protein interactions between a mAb in solution and human polyclonal
antibodies coupled to a resin. The method is used to predict the ability of an
antibody to be concentrated at levels above 100 mg/mL without precipitation. The
data from this method correlates well with the ultrafiltration method but with the
benefit of only using microgram amounts of material, which is important in early
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stages of drug development. A chromatographic retention factor (k′) is calculated
from the retention times of the sample in the poly IgG column compared to the
poly IgG-free control. The formula used in calculations of the k′ parameter is
shown in CIC section of Materials and Methods. If the k′ values calculated from
the retention maxima of the peaks in both the poly IgG-coupled and poly IgG-free
control columns are greater than 0.6, it is an indication that the molecules are
generally significantly less soluble. Also, the most soluble antibodies tested by
CIC have considerable lower k′ values (5). CIC was measured using a column
coupled with polyclonal human IgG at 25 mg/mL (Figure 6). Samples were
loaded on the column at ~0.1 mg/mL. The chromatographic retention factor
value (k′) of NISTmAb is calculated from this method to be −0.04 (Table 6),
indicative of minimal protein-protein interactions. A proprietary mAb was used
as an interacting positive control (positive standard), with calculated k′ values of
0.40 and 1.09. Another proprietary mAb molecule was used as a non-interacting
negative control (negative standard), with a calculated k′ value of 0.08.

Figure 6. Cross-interaction chromatography (CIC) profile of the National
Institute of Standards and Technology monoclonal antibody (NISTmAb). Panel A
represents the traces obtained with a polyclonal IgG (poly IgG)-coupled column.
Panel B shows the same samples run over a poly IgG-free control column.
NISTmAb is shown in pink, interacting positive control in red, non-interacting
negative control in green, and acetone in blue. CIC results show no interaction

with the column for the NISTmAb.

Table 6. Cross-Interaction Chromatography Data

Retention Time (min)
Sample Poly IgG-Coupled

Column
Poly IgG-Free
Control Column

k′

NIST monoclonal antibody 9.87 9.95 -0.04

Negative standard 10.09 9.01 0.08

Positive standard 13.90, 20.82 9.59 0.40, 1.09
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Self-Interaction Chromatography

The second virial coefficient (B22) is a measure of protein-protein interactions.
Several methods that measure the B22 coefficient based on scattering intensities
and nanoparticle spectroscopy methods have been described (28, 29). We have
used here a chromatographic-based method, as described in in the SIC section of
Materials and Methods.

Figure 7 and Table 7 show the SIC data for the NISTmAb on protein-coupled
and uncoupled (control) columns, along with the calculated B22 values. The B22
value for the NISTmAb was calculated to be 0.39, indicative of minimal self-
interactions.

Figure 7. Self-interaction chromatography (SIC) profile of the National Institute
of Standards and Technology monoclonal antibody (NISTmAb). The left panel
shows the control column, and the right panel shown the protein-coupled column

profiles. NISTmAb is shown in red and acetone in blue.

Table 7. Summary of SIC Data of the NISTmAb Candidatea

Retention Time(min)

NISTmAb Column Control Column
B22

2.3 1.6 0.39
a NISTmAb: National Institute of Standards and Technology monoclonal antibody, SIC:
self-interaction chromatography.

Results and Discussion: Forced Degradation
Post-Translational Modifications Risk Assessment of the NISTmAb
Candidate

An important component of the developability testing for the therapeutic
drug candidates is the assessment of the risks for PTMs of residues, especially
those involved in the function of the molecule. Typically, most of the side chains
of the 20 naturally occurring amino acids are stable under a variety of different
conditions, but some are more reactive than others. For example, the side chains
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of methionine and tryptophan residues amino acids are known to be susceptible
to oxidation (30), whereas those of asparagine and glutamine are prone to
deamidation under certain pH conditions (31). Isomerization of aspartate residues
and fragmentation of the mAb molecules at Asp-Pro and Asp-Gly sequences also
has been demonstrated (32, 33).

For the purpose of the NISTmAb developability assessment, we decided to
evaluate the risks of the molecule undergoing oxidation and deamidation after
stress-inducing conditions, as these are considered among the most common
types of chemical modifications that occur in therapeutic molecules. To test the
chemical stability of the NISTmAb for oxidation and deamidation, the molecule
was subjected to photo-oxidation and high pH stresses. Photo-oxidation was
performed according to ICH guidelines. The efficiency of photo-exposure was
verified by quinine chemical actinometry. The effects of thermal exposure at
40 °C for 2 weeks in PBS, pH 7.4, also were tested. The thermal stress in
designed to accelerate sample aggregation that correlates with the propensity to
aggregate under long-term storage conditions of the therapeutic molecule. The
assays performed to assess the potential changes in the NIST molecule upon
exposure to the photo-exposure, high pH, and thermal stresses were microfluidic
electrophoresis, cIEF, SEC-MALS, and DLS.

The results of the microfluidic electrophoresis analysis of the stressed
samples are shown in Figure 8 and summarized in Table 8. The presence of lower
MW species in the nonreduced samples that underwent thermal, deamidation, and
photo-oxidation stress is noticeable compared to the untreated NISTmAb material
control sample (first two lanes). The high pH stress (deamidation) appears to
make the molecule more susceptible to degradation, as observed in the change of
the percentage of intact IgG to 81% compared to 99% in the untreated control
(Table 2). Thermal stress also seems to promote degradation of the NIST sample,
as judged by the 92% of intact molecule remaining after treatment compared
to 99% of the control. The presence of the degradation bands for the thermal-
and high pH- (deamidation) treated samples is shown by an asterisk in Figure 8.
Values above 90% purity or less than a 10% change in purity would be considered
acceptable for this type of forced degradation conditions. For those instances
when purity was grossly below 90%, an explanation of where the degradation is
occurring would be warranted.

The cIEF profiles of the stressed NIST samples are shown in Figure 9 and
Table 9. Profiles indicate greater differences in the thermal and high pH samples
compared to the control. The sample that was subjected to photo-oxidation seems
very similar to the untreated control sample. The observed pI of the main peak
for these samples did not change as result of PTM stress, but the percent area of
the main peak decreased as result of minor peaks appearing in those PTM samples
compared to the control, indicating the presence of heterogeneous species in the
PTM samples. The decrease in the main species with an increase in acidic species,
which is consistent with deamidation, is expected under these conditions. The pI
values and the percent area of the highest peaks for untreated control and PTM
NISTmAb samples are shown in the summary table.
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Figure 8. Microfluidic electrophoresis profiles of National Institute of Standards
and Technology monoclonal antibody (NISTmAb) material before and after
thermal, high pH (deamidation), and photo-oxidation stress exposure at 1

mg/mL. NR: nonreducing, R: reducing conditions,*: degradation products noted
in the Figure.

Table 8. Summary of Microfluidic Electrophoresis Quantification of
NISTmAb after Thermal, High pH (Deamidation), and Photo-Oxidation

Stress Exposure at 1 mg/mLa

mAb (%)
Sample

NR R

Thermal 91.5 97.4

High pH 80.7 93.2

Photo-oxidative 96.1 98.7
a The values in the Table for the reducing conditions (R) represent the sum of the values for
the light chain (LC) and heavy chain (HC). NISTmAb: National Institute of Standards and
Technology monoclonal antibody, NR: non-reducing.
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Figure 9. Capillary isoelectric focusing (cIEF) profiles of National Institute of
Standards and Technology monoclonal antibody (NISTmAb) samples before
(control) and after thermal, deamidation (High pH), and photo-oxidation

(Photo-ox) stress exposure at 1 mg/mL.

Table 9. Summary of cIEF Profiles of NISTmAb after Thermal, High pH
(Deamidation), and Photo-Oxidation Stress Exposurea

Sample pI Area of Highest Peak (%)

Control 9.2 71

Thermal 9.2 60

High pH 9.2 52

Photo-oxidation 9.2 78
a cIEF: capillary isoelectric focusing, NISTmAb: National Institute of Standards and
Technology monoclonal antibody.

The results of the SEC-MALS analysis of the control and stressed NIST
samples are shown in Figure 10 and Table 10. Overlaid in the Figure 10 are the
traces of the thermal (green), high pH (deamidation) (blue) and photo-oxidation
sample (red). The presence of lower MW species in the high pH and thermally
stressed samples is noticeable in the blue and green traces. Also, the main
peak representing the monomeric species is only 76% and 96% for the high pH
(deamidation) and thermally stressed samples, respectively, compared to 100% of
the untreated control and photo-oxidized ones. As with the other assays used to
assess the outcome from high pH incubation, the results indicate that elevated pH
can have the most impact on the stability of the NISTmAb.
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Figure 10. Size-exclusion chromatography–multi-angle light scattering
(SEC-MALS) profiles of National Institute of Standards and Technology

monoclonal antibody (NISTmAb) stressed samples. Chromatograms for samples
exposed to thermal stress (green), high pH (deamidation) stress (blue), and

photo-oxidation stress (red) are shown.

Table 10. SEC-MALS Data of NISTmAb Stability Samples Showing the
Amount of Main Species Present in the Release and PTM Samplesa

Sample Monomer (%)

Release 100

Thermal stress 96

High pH stress 76

Photo-oxidation 100
a NISTmAb: National Institute of Standards and Technology monoclonal antibody, PTM:
post-translational modification, SEC-MALS: size-exclusion chromatography–multi-angle
light scattering.

The results of the DLS analysis for the stressed NIST samples are shown in
Table 11. A small but significant reduction of the observed Rh value was observed
for the NIST samples that were subjected to thermal and high pH (deamidation)
stress. No gross changes were observed under these stress conditions, suggesting
good colloidal stability and absence of self-association of NISTmAb.
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Table 11. DLS Data of the Release and PTM NISTmAb Samplesa

Sample Rh (nm) Pd (%) Mass (%)

Control 5.4 ± 0.0 7.9 100.0

Thermal stress 5.0 ± 0.1 8.5 100.0

High pH stress 5.0 ± 0.2 7.8 100.0

Photo-oxidation stress 5.2 ± 0.1 5.1 100.0
a Values represent averages of triplicate measurements with standard deviation. DLS:
dynamic light scattering, NISTmAb: National Institute of Standards and Technology
monoclonal antibody, Pd: polydispersity, PTM: post-translational modification, Rh:
hydrodynamic radius.

Preformulation (Buffer pH) Using HTP Formulation with UV and Dynamic
Light Scattering Analysis

The screen is designed to test the solubility and the colloidal stability of
therapeutic candidates under buffer conditions varying in pH values from 3.5 to
8.4. Typically, mAb samples have low solubility and high aggregation propensity
in pH conditions close to the pI of the molecule. The NISTmAb was tested in
the screen using a 96-well plate first subjected to UV measurements at 350 nm.
These measurements allow for general particulate light scattering to be detected.
A second UV measurement was again taken after the TRamp study (described
below) to compare large particulates before and after the temperature ramp. This
was done on a Molecular Devices SpectraMax plate reader instrument.

A Wyatt Dynamic light scattering instrument was used to perform real-time
DLS on the samples during the TRamp screen. The samples were equilibrated in
temperature increments from 26 °C to 70 °C. The light scattering was detected at
each temperature to assess aggregation as temperature increased.

Results of the turbidity measured at 350 nm and DLS TRamp screen for the
NISTmAb candidate in buffers with different pH are shown in Figures 11 and 12.
The results indicate that the NISTmAb is very stable under the conditions that
were tested in the screen. No major increase in the turbidity of the samples at
eight different buffers with varying pH was detected after heating up the samples
to 70 °C. Minor effects on the aggregation of the NISTmAb under the set of
buffers tested in this screen were seen from the scattering data. Taken together,
the turbidity and scattering data measured in this setup indicate that NISTmAb is
stable over a wide pH range varying from 3.5 to 8.4.
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Figure 11. The A350 nm (turbidity) values for the National Institute of Standards
and Technology monoclonal antibody (NISTmAb) sample in different buffers are
shown before and after the temperature ramp (TRamp) experiment. Values in

the graph represent averages from triplicate runs.

Figure 12. Normalized intensity values as measured by dynamic light scattering
(DLS) for the National Institute of Standards and Technology monoclonal

antibody (NISTmAb) in different buffers as function of increasing temperatures
during the temperature ramp (TRamp) experiment are shown in this graph. The

values represent averages of triplicate runs.

Conclusions
The developability assessment of the NISTmAb candidate molecule by a

set of biochemical and biophysical assays as described above indicated that the
molecule can be concentrated at levels above 100 mg/mL in PBS buffer and
maintains its stability over incubation up to a 1 month period. The evaluation of
the NISTmAb was performed in physiological PBS buffer and not in the original
formulation of the sample. The NIST material is monomeric, as determined
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by SEC-MALS, with a size distribution (Rh) typical for a mAb determined by
DLS. The concentration of the sample and incubation at 4 °C does not affect
the size distribution of the molecule, indicating that it maintains integrity and
conformational stability over this period of time. These conclusions are based on
the microfluidic electrophoresis, cIEF, SEC-MALS, and DLS analysis of samples
at different time points. NIST material is stable, as determined by the DSC profile
of the molecule, with thermal transitions starting at 71.2 °C. NIST sample is
compatible with human, cyno, and mouse sera because it does not phase separate
as does the positive control mAb used for the phase separation assay described in
this chapter. The NIST molecule also has minimal self-interaction, as determined
by the SIC method, and also minimal cross-interaction, as determined by the CIC
method.

An important component of the developability analysis is the assessment of
the biochemical and biophysical attributes of the molecule under stress conditions.
The types of stress we induced were thermal; photo-oxidation of methionine and
tryptophan residues; and high pH, which results in deamidation of asparagine and
glutamine residues. The combined results of orthogonal analytical assays indicate
that although photo-oxidation under the specific conditions tested does not result
in significant oxidation in the molecule, both thermal and high pH stress induce
increases in both sample heterogeneity and fragmentation of the molecule. These
results indicate potential problems that the molecule might experience during
changes in temperature or higher pH either during production or the storage life
cycle of the molecule. For a more detailed analysis of the residues that are prone
to changes due to stress, high resolution peptide mapping methods are utilized
routinely as part of the developability assessment of preclinical candidates. The
data from the peptide mapping efforts are not included in this chapter but are
considered very important in evaluating the overall developability profile of the
candidates and the decision process. For the details on screening for PTMs in the
NISTmAb with peptide mapping, refer to the PTMs chapter/Volume 2, Chapter
3 in this series. Collectively, although slight changes were observed under some
conditions in this study, the NISTmAb was relatively stable to changes upon
stress applied.

Another important component of the developability assessment that is
not discussed in this chapter is the analysis of the stressed samples in binding
and/or functional assays. That requires knowledge of the therapeutic target and
development of assays that are sensitive and reproducible to be able to reliably
determine whether the changes observed on the molecular level are significant
or not at the binding and/or functional level. Depending on the outcome of the
binding and/or functional assays, preclinical candidates can be deprioritized or
redesigned to meet specific program-based criteria.

Based on the data presented in this chapter on the characterization of the
NISTmAb, it can be concluded that the molecule has a favorable developability
profile with high solubility (above 100mg/mL in PBS), high stability after 1 month
incubation at high concentration, and resistance to the stress-inducing conditions
that were evaluated in this work.
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Chapter 8

Protein Particles (0.1 µm to 100 µm)

Dean C. Ripple*,1 and Linda O. Narhi2
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Gaithersburg, Maryland, 20899, United States

2Research and Development, Amgen Inc.,
Thousand Oaks, California 91320, United States

*E-mail: dean.ripple@nist.gov

Protein molecules in solution can form proteinaceous
particles by a variety of aggregation processes. The size and
concentration of these particles is an important quality attribute
for therapeutic monoclonal antibody (mAb) solutions. In
this chapter, we describe the techniques commonly used to
determine size and count of particles in solution for the size
range 2 µm to 100 µm. After first discussing general principles
of particle formation and properties, we present general
suggestions on sample handling and particle measurement,
and then give detailed information on the application of the
two most common techniques: light obscuration and flow
imaging. The chapter concludes with a description of advanced
techniques that extend the measurement size range down to 0.1
µm or characterize the particles more fully.

Introduction

In this chapter, we will focus primarily on the methods for analyzing and
characterizing the subvisible particles (between 2 µm and 100 µm) in therapeutic
protein solutions, as determined by the light obscuration or flow imaging methods
described below (1, 2), with some discussion of technologies for analyzing the
submicrometer particles (0.1 µm to 2 µm) as well. The chapter begins with a brief
overview of the mechanisms of protein aggregation and how these mechanisms
can generate protein aggregates that can range in size from dimers to particles
visible to the human eye. We then move on to provide information about the

© 2015 American Chemical Society
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need and strategic approaches for analysis of the micrometer and submicrometer
particles. The discussion focuses primarily on practical techniques for the sizing
and counting of protein particles with effective diameters ranging from 2 µm
to 100 µm. A number of reviews discuss the relative merits of commonly used
instruments (3–5). This chapter complements these reviews by discussing general
metrology issues relevant for particle analysis, sample handling issues relevant
for common antibody solutions, and detailed considerations for the two most
commonly used techniques, light obscuration and flow imaging. To conclude
the chapter, we look at the latest advances in counting and characterization
techniques, including those that have been applied to the sizing and counting of
protein particles in the size range from 0.1 µm to 2 µm.

The smallest protein aggregates, or oligomers, (usually less than 0.1 µm and
often called soluble aggregates) are addressed in the Aggregation chapter/Volume
3, Chapter 5. Special techniques for microscopic and spectral characterization
are outside the scope of this chapter, but are also discussed in the Aggregation
chapter/Volume 3, Chapter 5 and several reviews (4, 6). By providing information
on the composition and molecular structure of particles, microscopic and spectral
characterization can complement the results of the sizing and counting instruments
discussed here.

Sources of Protein Subvisible Particles (2 µm to 100 µm)

An important product quality attribute monitored for all parenteral
therapeutics are subvisible particles, defined here as particles both foreign and
from the therapeutic itself in the 2 µm to 100 µm size range. With protein
therapeutics, especially at high protein concentrations, many of these particles are
actually protein aggregates. Protein self-association can result in protein species
ranging from dimers to n-mers that can be greater than 100 µm in size.

As shown in Figure 1 (a combination of the authors’ work and Refs.
(7–9)), there are many different pathways by which protein aggregates can
form, including those driven by colloidal stability, conformational stability,
modification, and interactions with available surfaces; all of these are applicable
to antibodies (9–12). The fundamentals of protein aggregation are described
in detail in the Aggregation chapter/Volume 3, Chapter 5 of this series, so we
will provide just a brief overview here. The reactions on the right-hand side of
the figure are primarily driven by interactions between different states of the
native sequence protein molecule itself, while those on the left-hand side involve
interactions with other surfaces or chemical modification of the native protein.

The colloidal stability of a protein (shown as assembly processes in the
figure) is the measure of the propensity for the folded molecule to self-associate
under specific solution conditions (such as salt type and concentration, pH, and
other excipients) based on its molecular properties and especially the surface
characteristics of the protein (12, 13). This is an equilibrium reaction between
the monomer and aggregate, often starting with association to dimer and building
to larger species, including the subvisible particles, in which the initial reaction
occurs when the protein is in the native, folded state. This type of self-association
is often reversible and increases with increasing protein concentration. Many
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therapeutic monoclonal antibodies (mAbs) require protein concentrations of
higher than 50 mg/mL, concentrations at which short-range interactions become
very important and significant self-association of native protein can occur.
Colloidal stability of mAb solutions is an important factor in the formation
of micrometer and larger sized particles with long-term storage. A common
measure of colloidal stability is the second virial coefficient, B22, which is a
measure of protein-protein interactions (7, 9). Although the initial aggregate is
reversible and involves surface interactions (e.g., association between charge
patches or hydrophobic patches on the surface), with time in close proximity,
irreversible aggregates can form. This can result from the formation of covalent
links like disulfide bonds under the appropriate solution conditions, structural
rearrangements that result in irreversible non-covalent interactions, or growth in
size to where the aggregate is essentially irreversible.

Figure 1. Schematic of the multiple pathways for formation of protein aggregates
and subvisible particles. Sources: Adapted from Refs. 7–9 and the authors’

work. (see color insert)

The conformational stability of proteins can also contribute to the formation of
protein aggregates (8, 9). Proteins exist in an equilibrium between native folded
structure and unfolded state(s); this is defined as conformational stability. This
is a thermodynamic equilibrium reaction that is often studied and defined by the
free energy of unfolding, ΔGunf (7, 9). Protein unfolding can involve multiple
intermediate states with surfaces exposed that are normally protected from the
solution and from other protein molecules. Exposure of these sites can facilitate
protein disulfide cross-linking, hydrophobic interactions, and so forth, which can
lead to the formation of irreversible aggregates as well.
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Exposure to conditions during process and storage of antibodies can also result
in protein modifications (like oxidation) that can sometimes increase the amount of
protein aggregate formed. Interactions with the different surfaces present at every
step of processing or delivery can also occur and induce aggregate formation (14).
The air-liquid interface is a very unique surface that is extremely hydrophobic;
protein molecules located right at this interface often unfold. With mixing or
agitation, these unfolded molecules are pulled into the solution, where they can
interact with the bulk of the protein population present as native molecules, while
a different population of molecules migrates to the interface.

These different reactions can occur during manufacture and storage of
protein therapeutics and, as shown in Figure 1, can build on top of each other. For
example, driven by colloidal stability, native protein can self-associate, and then
the protein in these aggregates can partially unfold due to conditions affecting
the conformation. The result of all of these interactions is a very heterogeneous
population of protein aggregates across a size continuum from dimer to hundreds
of micrometers, with multiple different conformations and other covalent and
non-covalent forces holding them together. It is this heterogeneous population of
aggregates that needs to be characterized.

To make the analytical challenge even more complicated, the total subvisible
particle population can also include non-proteinaceous species, such as silicone oil
droplets from vial caps or pre-filled syringes, and occasionally, cellulose and other
contaminants. Nano- or micro-sized particles shed from containers or processing
equipment can also serve as nucleation sites for protein aggregation, resulting in
particles that are chemically heterogeneous (8). The resulting particles will be
proteinaceous to varying degrees; for brevity, we will refer to all particles that are
predominantly protein as “protein particles.”

As a result of the multiple interactions between the inherent mAb properties,
the formulation, the container, and the stresses and history of a mAb sample,
formation of protein aggregates and particles is not driven only by the properties
of the mAb itself, but is instead a result of many factors (see Figure 2). Figure 3
shows optical images of typical protein particles.

Figure 2. Factors that influence the formation of protein particles.
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Figure 3. Optical images of protein particles created by thermal stress (37 °C
for 1 week followed by storage at –80 °C and thawing prior to measurement) of

the NIST monoclonal antibody (mAb).

Classification of Protein Aggregates

As described above, the total subvisible particle population is very
heterogeneous, both in terms of types of molecules in the particles as well as
characteristics of the protein particle population. This heterogeneity, coupled
with the use of different terms and definitions of these terms, has historically
made it very hard to compare results across different proteins and laboratories.
Characterization of the subvisible particle population (especially the protein
particles) is an important part of product and process characterization and
comparability assessments, as well as an essential part of root cause analyses if
the subvisible particle profile differs significantly from what was expected. The
potential biological consequences of subvisible particles in protein therapeutics
have been the subject of much debate and investigation.
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Monitoring the number and size of subvisible particles has long been part of
the lot release requirements for parenteral drugs. For traditional small molecule
pharmaceuticals, particles in this size range are foreign material, derived from the
environment or from the surfaces to which the drug is exposed during production
and packaging. The compendial limits were established based on historical
levels of subvisible particles found in commercial products, with primary safety
concerns around possible capillary occlusion from foreign particles in this
size range (15). For protein parenterals, especially at high concentration, the
majority of the subvisible particles are protein aggregate. Thus with the advent of
protein-based therapeutics, the concern shifted to the potential immunogenicity
of protein aggregate above 1 µm, especially between ≈1 µm and ≈10 µm. The
uncertainty associated with this potential biological consequence of subvisible
protein particles results in the regulatory agencies assigning a high risk to these
species (1, 16).

The results of several different studies using in vitro and in vivo model
systems to assess the ability of different types of subvisible protein to activate
immune cells and so forth have been published in the last few years (see, for
example, (17–20)). Taken together, this work suggests that a subpopulation of
protein particles in the approximate range of 1 µm to 10 mm can activate both
early- and late-stage responses from the immune cells, but only at very high
doses of protein aggregate, and the response is much weaker than that seen with
positive controls. The response obtained depends on the size and amount of the
protein particles present, as well as other characteristics of the subvisible particle
population. Characterization of these species requires analytical tools that can
determine particle size distribution and also, as much as possible, the morphology
and the degree of dis-sociability of the particles; for protein particles, the
conformation of the protein, as well as the nature of any chemical modifications
that might be included (2, 19), can also provide important information.

During product and process development, the subvisible particle population
should be characterized as thoroughly as appropriate. This information can inform
decisions on process steps and even candidate selection. Collecting this data
early in the development lifecycle will also help set the baseline for the lot-to-lot
variability of this population, the basis for determining comparability across
lots, and “what is normal” for the particle size distribution of this product. With
this information, the particle size distribution can be determined at lot release
and provide enough information to know when a particular lot is significantly
different from the usual, warranting further investigation before release. Particle
counting and sizing are the most basic analyses; these analyses are required for
comparison across samples and ensuring consistency of commercial product. The
particle size distribution is also the most important parameter in understanding the
biological consequences of these particles, with threshold determinations being
of critical importance. As discussed above, these techniques will be the focus of
the rest of this chapter.
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Analytical Techniques: General Discussion

Overview

There are two general approaches for determining particle concentration:
ensemble methods and those that measure individual particles. Ensemble
techniques integrate a signal from many particles at once. Deconvolution
of this signal produces a particle size distribution and total concentration.
Dynamic light scattering (DLS) and turbidity are two common ensemble methods
(21). For highly polydisperse mixtures in the size range of interest here, the
deconvolution process is often imperfect, and ensemble techniques provide
only a semiquantitative particle size distribution. Even with this limitation,
ensemble methods are often useful for relative, high-throughput measurements of
aggregation propensity in the initial stages of product, process, and formulation
development. For quantitative characterization of polydisperse suspensions of
protein particles, methods that measure individual particles are generally preferred
over ensemble methods. These single-particle methods have a number of common
traits: each instrument measures physical parameters of individual particles,
translates the measurement result to a reported diameter by an instrument-specific
algorithm, and derives particle concentration from the number of particles
detected per unit volume of fluid sampled. Although these methods do not
suffer from deconvolution problems, they do have limitations; for example,
no instrument provides a true, three-dimensional representation of the actual
particle morphology. Instead, the effective diameter is inferred from a measured
parameter of the particle, such as projected area (imaging methods), optical cross
section (light scattering methods), or displaced volume (electrical sensing zone
[ESZ] method).

Figure 4 illustrates the range of effective diameters covered by the single-
particle methods discussed in this chapter, as well as ensemble methods coupled
to the size-separation method of asymmetric flow field-flow fractionation (AF4).
Table 1 lists some of the advantages and limitations of these methods.

In this section, we discuss measurement issues that are generic for a broad
variety of single-particle counting and sizing instruments and are relevant for both
established and emerging measurement technologies. To make the discussion
easier to follow and less abstract, it is useful to describe the principles of the two
most common measurement techniques, light obscuration and flow imaging.

In a light obscuration particle counter, a syringe pump draws sample
through a flow cell through which a focused laser passes (see Figure 5A).
A particle traversing the beam will scatter and absorb light, reducing the
transmitted beam intensity. The reduction in the beam intensity is converted to
an equivalent diameter, based on calibration of the instrument with polystyrene
latex (PSL) beads of several known diameters. Both aggregated protein and PSL
bead calibration standards have negligible optical absorption at the visible or
near-infrared wavelengths used in light obscuration, so the reduction in beam
intensity is directly related to the scattering of light by the particle or bead under
test.
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Figure 4. Approximate effective-diameter range for a variety of particle detection
methods. Methods depicted are asymmetric flow field-flow fractionation with
multi-angle light scattering detection (AF4-MALS), nanoparticle tracking

analysis (NTA), resonant mass measurement (RMM), and static light scattering
(SLS) (range shown for single-particle SLS). AF4-MALS is an ensemble method;

all other methods can be used in a single-particle mode.

Table 1. Summary of Size Ranges, Advantages, and Limitations of Various
Particle Detection Methods

Method Advantages Limitations

Light obscuration
(LO)

Rapid, compendial method;
substantial history of drug
product testing with method

Reported diameter not accurate
for particles with low optical

contrast; no ability to distinguish
particle subpopulations

Flow imaging
(FI)

Large dynamic range;
morphology analysis

Morphological analysis limited
to particles >5 µm

Resonance mass
measurement
(RMM)

Distinguishes silicone oil
from other particles

Reports buoyant mass only;
sensitive to channel blockage

Electrical
sensing zone

(ESZ)

Capable of measuring
particles in opalescent or

turbid samples

Measurements may require
increased ionic conductance;
possible interference by

electronic noise

Continued on next page.
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Table 1. (Continued). Summary of Size Ranges, Advantages, and
Limitations of Various Particle Detection Methods

Method Advantages Limitations

Flow cytometry Capable of distinguishing
multiple particle
subpopulations

Fluorophores not developed for
tagging many particle types;
diameter scale not quantitative

Field-flow
fractionation
(FFF, AF4)

Broad size range; multiple
optical detectors after

separation

Proteins may adsorb on separation
membranes, with possible shift in
particle size distribution; methods
not optimized for protein particles

Nanoparticle
tracking analysis

(NTA)

Simplicity of dynamic
light scattering (DLS)
with improved particle

size resolution

Limited dynamic range; low
sampling efficiency

Figure 5. Schematics of (A) light obscuration and (B) flow imaging particle
counters. LED is light-emitting diode. (see color insert)
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Flow imaging works by capturing images of species as they pass through a
flow cell mounted in an automated microscope (see Figure 5B). The light source,
objective, and stop may be optimized to increase image contrast and depth of field.
The diameter of each particle is then calculated based on the diameter of a circle
of the same area as the detected particle, or by similar morphological algorithms.

Reference Materials

The most commonly used reference materials for particle sizing and counting
instruments are suspensions of PSL beads. Commercial standards are available
consisting of suspensions of beads of known diameter and concentration. Use
of these beads requires care that the beads are well dispersed; if the beads
have partially agglomerated, a shoulder will appear next to the main peak of
monodisperse beads. An effective procedure to bring beads into suspension is the
following: shake the bottle vigorously for 10 s, sonicate for 20 s, let the bottle
sit for 10 min to allow air bubbles to rise, and tip the bottle 10 times prior to
sampling.

PSL beads work well to calibrate instruments that rely on the displaced
volume (ESZ), displaced mass (resonant mass measurement [RMM]), or
hydrodynamic radius (DLS or nanoparticle tracking analysis [NTA]) of the
particle as the fundamental measurement. (These techniques will be discussed
below.) From the point of view of optical counting techniques, PSL beads differ
from actual protein particles in two respects: the difference between the refractive
index of the particle or bead and the matrix liquid, Δn, is much lower for protein
particles than for PSL beads, and protein particles have a much more irregular
morphology than PSL beads. For PSL in water, Δn 0.25. An upper limit of the
refractive index of protein particles can be estimated as 1.40, the refractive index
of amorphous protein adsorbed on a surface (22). If the particle is not highly
compacted, the refractive index may be even lower, leading to Δn < 0.07. Small
values of Δn lead to reduced optical contrast, which causes inaccurate particle
sizing for light obscuration (23, 24) and possibly flow imaging (23, 24). Thus,
calibration of optical instruments with PSL beads may not give accurate diameter
values for particles with much lower optical contrast than these standards.

Silica beads have a refractive index much lower than PSL (n ≈ 1.42–1.47,
depending on manufacturing process). In optical instruments, such as flow
imaging and light obscuration, silica beads immersed in a liquid of nearlymatching
refractive index can be used to assess the repeatability and accuracy of the reported
diameter (23). Water-glycerol, water-sucrose, or water-(2-pyridinemethanol)
mixtures may be used as a matrix fluid of tunable refractive index. Silica beads
are not as inherently monodisperse as PSL beads, especially at diameters greater
than 10 µm. We recommend that the beads be inspected for diameter uniformity
under a microscope prior to use.

The use of silica beads as a diameter standard is only partially satisfactory as
a calibration standard. Although the beads do mimic the low optical contrast of
protein particles, the beadmorphology is quite different. To address this limitation,
reference materials made from partially fluorinated polymers are being developed
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(25). Once these reference materials become available, they will be a valuable
addition or substitute for silica beads.

Repeatability, Linearity, Accuracy, and Limit of Quantification

Particle counting instruments measure two separate parameters: (1) particle
count and (2) particle size. The precision, linearity, and bias of an instrument can
be affected by errors in either of these two quantities. The repeatability, linearity,
and accuracy of particle count are readily determined by measuring suspensions
of monodisperse PSL beads multiple times and at different concentrations. The
influence of reduced optical contrast can be assessed using silica beads in matrix
fluids of varying refractive index. Use of beads will characterize the fundamental
limits of performance of an instrument. Repeatability of actual protein samples
may be much worse due to lack of repeatability of the protein particles themselves.

At low concentrations, all of the particle counting instruments in common
use (e.g., light obscuration, flow imaging, ESZ instruments) are designed to have
excellent linearity; deviations from linearity are likely due to either background
particles or adsorption/desorption of particles from tubing or cell walls.

At high concentrations, deviations from linearity will occur when two
particles are sensed as a single particle, commonly referred to as a coincidence
error. When this occurs, the counter will register these particles as a single particle
that is larger in diameter than the individual particles. As a consequence, the
reported concentration may be too low for small-diameter particles but too high
for large-diameter particles. Coincidence of particles can be a significant error for
solutions at very high particle concentrations, and especially when the particles
of interest (e.g., protein particles) are surrounded by a higher concentration of
another variety (e.g., silicone oil droplets).

Particle diameter of irregular particles is a more difficult parameter to assess
for repeatability and accuracy. Errors in diameter can affect particle counts
significantly, and these errors are often larger than either the instrument linearity
or repeatability (23, 25). Suppose that we are measuring the concentration
of particles greater than a diameter limit d, N(d). For polydisperse particle
distributions, an error in the measured diameter, Δd, results in an error in N of ΔN
= N(d + Δd) – N(d) . Near the lowest diameter limits of many types of particle
counters, including both flow imaging and light obscuration instruments, the error
in N can be substantial. See Figure 6 for a graphical explanation.

Commercial flow imaging and light obscuration instruments in good repair
generally have a negligible rate of false-positive particle counts. What is often
not negligible is the background particle concentration due to detection of real but
unintended particles. In addition to particles from the blank sample or from the
container (discussed in the Sample Handling and Interferences sections, below),
particles may also desorb from tubing walls. Note that these background sources
are a characteristic of the recent usage history of the instrument and not an intrinsic
characteristic of the instrument itself.

Room air is commonly assumed to be a major contributor to background
counts. In fact, other particle generation processes may introduce higher levels
of contaminants than short-term exposure to laboratory air of typical quality.
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Important sources of extraneous particles include abrasion products created by
mating plastic fittings (especially if the mating occurs with dry plastics) and
particle hold-up on surfaces and crevices. These sources can be minimized by
mating plastic fittings that are prefilled with water and by disassembling, wiping,
and rinsing tubing and fittings suspected of holding particles.

Figure 6. Relationship between a diameter error Δd and a count error ΔN.
The curved line indicates an arbitrary particle size distribution. The error in
concentration is given by ΔN = –mΔd, where m is the slope of the diagonal

dashed line.

Many published papers have documented the poor agreement between
different particle counting methods (3, 26, 27). Different methods give particle
concentrations that often differ by a factor of 2 or more, and in some cases,
differences can exceed a factor of 10. Untangling the causes of these discrepancies
requires understanding how each instrument determines particle concentration
and size and how diameter is defined for each instrument. Some of the causes of
differences in measured diameter are discussed below in the sections on method
accuracy.

Particle Orientation

When a homogeneous suspension of particles travels through a flow cell,
hydrodynamic effects can lead to particle rotations and displacements that can
affect the apparent particle size and count. One relatively minor effect is that
particles in a flow cell will move away from the wall (28). This effect can cause

368

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
8

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1201.ch008&iName=master.img-005.jpg&w=245&h=203


a small error in flow imaging instruments; the error can be minimized by either
imaging the full width of the flow cell or by setting the imaged area at the center
of the flow cell, and by calibrating the instrument with PSL beads of known
count with the imaged area in the same location. Another effect is that fibrous or
plate-like particles often preferentially align in the high-shear fields of a flow cell
(29). Although this alignment improves the quality of the particle images, another
consequence of this alignment is that the true volume cannot be obtained from
the projected area of a particle without assuming that the particle has a particular
shape. For example, a randomly oriented prolate spheroid (a sphere elongated
along one axis with aspect ratio defined as the width divided by length) has a
projected area that differs from an aligned spheroid by 15% for an aspect ratio of
0.5 and 20% for an aspect ratio of 0.25 (30). At present, there are no controlled
studies of particle orientation effects on actual protein particles.

Sampling

The variance in particle counts routinely exceeds the variance expected simply
from the statistical fluctuations due to the finite number of counted particles. There
are two causes of this variability. First, formation of particles, and the count and
size of those particles, is not a predictable process from vial to vial. It is quite
common to observe large variations between different vials of nominally identical
contents and processing. Second, each vial may have a heterogeneous distribution
of particles throughout its volume, and full homogeneity may be hard to achieve
without altering the particles. Consequently, variability of samples should be
assessed by measuring multiple vials. The relative contributions of statistical
fluctuations, heterogeneity within a single vial, and vial-to-vial differences can
be assessed by comparing expected uncertainties from the Poisson distribution,
intra-vial repeatability, and vial-to-vial repeatability.

Statistical fluctuations and the observed heterogeneity of a single vial are
related to the volume actually measured from each vial. At one extreme, 100%
testing of a vial will completely eliminate any effects of heterogeneity within the
vial. The volume tested for particle counting applications varies greatly depending
on the method used. Visible particle inspection, although only semiquantitative,
has the advantage of inspecting 100% of samples, which may themselves have
volumes of many milliliters. Pharmacopeial methods using light obscuration
require a sample of 1–5 mL, with sampling of up to 100% of that volume. Flow
imaging typically tests less than 1 mL per run, with a sampling efficiency ranging
from 20% to 85% for that volume. Methods used for counting particles below
1 µm in diameter may have very low sampling efficiencies when drawing from
milliliter-size samples. For example, NTA and RMM methods typically sample
only tens of microliters per run. When the size range of interest is below 1 µm,
even small volumes of sample contain enough particles to achieve statistical
uncertainties below a few percent of the total count. The more significant concern
is that a small sample will not be representative of the average distribution of
particle throughout the sample. To address this concern, samples may be drawn
either from multiple locations of a single vial or, preferably, from multiple vials.
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Filtration for Characterization

Filtration of several types is also used to harvest protein particles to enable
subsequent spectral or microscopic characterization. The simplest method of
concentrating protein particles is to allow the particles to gravitationally sediment
overnight. Placing the vial in a thermally insulated container reduces natural
convection and can increase the sedimentation rate of small particles. When
images of particles are not sought but only identification of secondary structure,
particles may be concentrated by centrifugation. The supernatant is discarded, the
concentrated particles resuspended in buffer, and the resulting slurry then analyzed
as is or air dried on an appropriate substrate for the characterization method used
(19). When particles are to be imaged, great care is needed for sample preparation
(31, 32). Because protein particles are highly hydrated and flexible, attempts to
capture protein particles on membrane filters may lead to large changes in the
particle geometry (4). The membrane should be chosen to give a low background
for the characterization method being used, and great care is needed to capture
particles, gently wash the particles of excipients, and then dry the sample. Spatial
resolution of ≈50 µm may be achieved with micro-spectroscopy methods (32).
For particles larger than 100 µm, in situ spectral characterization may be possible,
reducing the difficulty in sample handling (33).

Sample Characteristics and Handling
Overview

Compared to many other particles, protein particles are particularly delicate
and require special sample handling to obtain repeatable, accurate counts. This
section discusses methods for handling samples and known interferences common
in protein solutions.

Handling

Handling of protein solutions must strike a balance between ensuring a
homogeneous sample (which requires mixing of the sample and removal of
microscopic bubbles) and minimizing changes in the particle size distribution
(which can occur on sample agitation) (4). Because protein particles have a
density slightly higher than the matrix fluid, they will slowly sediment to the
bottom of the storage vial. Slow natural convection of samples will generally
keep particles of diameter near 1 µm in suspension indefinitely; sedimentation
is primarily an issue for larger protein particles. Mixing the samples by slow
tipping effectively eliminates initial sedimentation of particles. The rate of
sedimentation is generally small enough that measurements are not greatly
affected by sedimentation occurring during the course of the measurement.

As a general guide, protein solutions can be effectively mixed by gently
tipping the vial back and forth 10–20 times. By repeatedly tipping the sample
and measuring the particle size distribution, it is possible to assess the sensitivity
of any particular sample to the tipping process. For some samples, even gentle
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tipping can cause changes in the particle size distribution, and tipping fewer times
or at less of an angle may give the best repeatability.

Sample Stability

A protein aggregate is said to be reversible if the aggregate breaks down
into soluble protein monomer or small oligomers. This dissociation can occur
spontaneously during storage or as the result of a change in solution conditions.
The degree to which this occurs depends on the protein, the formulation, and the
nature of the stress that created the particle (19, 34). There is no standard length of
storage time over which reversibility is determined, although typical time scales
are approximately 1 day. Conversely, storage conditions may promote the growth
of particles.

Protein particles may also change upon dilution (including dissociating or
increasing in amount and size). To test for changes in particle size or concentration
upon dilution, measure the particle size distribution for a series of dilutions and
determine if the distributions scale as expected from the dilution factors (26).
Dilution may be necessary to ensure that particle concentrations remain within the
linear range of a particular type of instrument or to reduce the solution viscosity
or opalescence to manageable levels. Such dilutions should only be done when
necessary and with a range of dilution factors so that unexpected systematic effects
may be identified. Dilutions may be made into buffer or filtered protein solution.
Again, examining the consistency of the results with the results anticipated from
the dilution factor can guide the choice of diluent.

Degassing

Protein solutions are known to be susceptible to the formation of air bubbles,
and these bubbles can lead to erroneously high particle counts (35). Traditional
methods of removing air bubbles are sonication of the sample or simply letting the
sample sit for 1 or 2 hours (15). However, sonication of protein samples can often
generate or otherwise alter protein particles, and letting the sample sit is sometimes
ineffective. As an alternative, degassing under a partial vacuum has been found to
be an effective means of eliminating air bubbles (35).

A liquid maintained at constant temperature under an air atmosphere will
become saturated with air over time. If this liquid is then raised in temperature, the
solubility of air in the liquid is lower, the liquid becomes oversaturatedwith air, and
any small vapor nucleation sites will grow into air bubbles within the liquid. This
scenario can result in a large concentration of air bubbles in samples that have been
removed from refrigerated storage conditions or even have simply been transferred
from one laboratory to another slightly warmer laboratory. An additional source
of air bubbles is the reconstitution of lyophilized protein samples. Suspensions
of protein particles are particularly susceptible to trapped air bubbles because the
high viscosity of some drug products inhibits the gravitational rise of bubbles to
the air-liquid surface, and possibly because the irregular morphology of protein
particles may provide locations for nucleation or capture of air bubbles.
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The goal of degassing is not to remove all of the dissolved air; it is sufficient
to remove enough air so that the liquid is no longer oversaturated. Any existing air
bubbles will then readily be absorbed by the liquid. Thus, exposing the samples
to only partial vacuum and for limited amounts of time still suffices in preventing
air bubble formation. For best results, the degree of vacuum and the amount of
time need to be determined empirically for each protein. Typical conditions are a
vacuum of 10 kPa (approximately 0.1 bar) applied for a period of approximately
1 hour.

Interferences

There are several known interferences in counting particles, including silicon
oil droplets, air bubbles, and high particle load in nominally particle-free diluents
or buffers.

Air bubbles can be diagnosed in flow imaging data by the circularity of
the image and by the darkness of the image relative to typical protein particles
(26). For other methods, air bubbles may be diagnosed by comparing particle
measurements before and after sample degassing. An understanding of the
mechanism of air bubble formation (see the Sample Handling and Degassing
sections, above) can assist the analyst in minimizing the occurrence of air bubbles.

Silicone oil droplets are commonly found in samples taken from prefilled
syringes containing drug product, and sometimes from the small amount of
silicone oil found on the caps of vials (36). When measuring samples containing
silicone oil droplets, the primary goal is to determine the particle size distribution
of the two subpopulations: the oil droplets and the protein particles. Light
obscuration is not capable of distinguishing oil droplets from other particles.
Flow imaging combined with an analysis of morphological parameters has been
shown to be effective in differentiating silicone oil droplets from protein particles
for diameters of 3–5 µm and greater (36, 37). For smaller droplets (up to 5 µm),
the relatively new method of RMM (described in Advanced Techniques, below)
is very useful because silicone oil droplets appear as particles of positive buoyant
mass, whereas all other common particles appear as particles of negative buoyant
mass (38, 39).

Understanding the response of a protein to a particle-forming stress or
understanding the linearity of an instrument on dilution both require buffers
and containers that do not contribute an appreciable concentration of particles.
Containers can shed particles as a result of inadequate initial cleaning, chemical
degradation of surfaces, abrasion of stirrers or other objects on surfaces, and
opening and closing the container closure. Solid buffer salts may contain
non-soluble particles. Cleaning of containers is a compromise: extensive
cleaning can remove extraneous contaminants but at the same time may damage
the container surface, leading to increased particle shedding. Filtration can be
effective in reducing particle loads in stock buffer solutions, but the user must
confirm that the filters used do not themselves shed significant concentrations
of particles (40). Testing the particle concentration of blanks with the same
formulation, container, and applied stresses (i.e., samples identical in all aspects
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except with no protein content) is critical in assessing the fraction of particles
arising from sources other than the protein solutions being tested.

At high concentrations, protein solutions have a higher refractive index,
leading to less optical contrast between protein particles and the surrounding
fluid, and are often opalescent or turbid due to microscopic variations in refractive
index caused by protein-protein interactions. Sharma and colleagues (26) have
shown that compared to light obscuration, flow imaging is relatively insensitive
to solution opalescence. Reduced optical contrast is known to cause inaccurate
counts for both light obscuration (23, 24) and flow imaging (23) techniques.
Non-optical methods such as ESZ (27, 41) or RMM (38, 39) are completely
insensitive to opalescence or to reduced optical contrast.

Metrology: Light Obscuration
Overview

As a result of its historical use in pharmacopeial methods for particle
measurement and its ease-of-use, light obscuration is the most common method of
particle measurement in the biopharmaceutical industry, (15, 42). In this section,
we examine particular measurement issues arising with light obscuration.

Light obscuration has several advantages as a particle counting method:
the instruments are easy to use, measurement speed is high, industry has much
experience with the method, and historical values can be used for comparison.
Light obscuration is the preferred method of counting protein particles in
accordance with existing pharmacopeial standards. However, there are two
fundamental difficulties with light obscuration. First, the reported particle
diameter differs significantly from the physical particle diameter when measuring
protein particles. Second, the method cannot discriminate between different
types of particles, and an independent method is needed to ascertain the relative
concentrations of different particle subpopulations.

Light obscuration instruments are available with a variety of sensor heads and
can be calibrated at a variety of flow rates. The most common industry practice is
to use sensor heads suitable for the approximate diameter range of 1–100 µm, and
flow rates of 10 or 25 mL/min. It is possible to extend the lower range of a light
obscuration instrument to approximately 0.5 µm diameter by directly detecting
the scattered light instead of inferring the amount of scattering by measuring the
transmitted beam intensity.

Sample Handling

Because of the speed of measurement, sample sedimentation is rarely an issue,
provided the measurement is initiated immediately after inserting the sampling
needle into the sample. Sedimentation effects can also be minimized by either
measuring the complete test sample or by locating the tip of the sampling needle
halfway into the test sample.

Air bubbles can cause significant errors in light obscuration due to the lack of
specificity of the method combined with the prevalence of air bubbles in the typical
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size range covered by light obscuration. The United States Pharmacopeia (USP)
method for degassing protein therapeutics (42) should be followed to minimize the
effects of air bubbles.

Manufacturers specify an upper limit of liquid viscosity for reliable operation.
When attempting to measure liquids of higher viscosity, volumetric flows may be
inaccurate due to air leaks or cavitation. Two methods of enabling measurement
of higher viscosity liquids are: (1) set the instrument to run at a smaller volumetric
flow rate and recalibrate the instrument response for this flow rate; or (2) pressurize
the sample inlet (43).

Linearity, Repeatability, Accuracy, and Limit of Quantitation

Coincidence errors in light obscuration occur when more than two particles
are simultaneously within the path of the laser. This effect becomes negligible
if the particle concentration is sufficiently dilute. Typical concentration limits
for less than 10% coincidence errors are in the range of 104 to 105 particles per
milliliter. In practice, the protein particle counts for drug products rarely reach
these limits. However, coincidence errors may be important in the testing of
intentionally stressed samples or in the testing of samples from prefilled syringes
with a high concentration of oil droplets.

Because a light obscuration counter counts all particles that pass through the
flow cell, errors in count are predominantly due to errors in particle diameter,
provided that the cell is unblocked and the syringe pump and tubing have no leaks.
Running tests with PSL beads of known concentration suffices to demonstrate
count accuracy.

When applied to suspensions of protein particles, the diameter accuracy of
light obscuration counters is poor throughout the size range of these instruments,
and the resulting error in diameter can give large errors in particle concentration.
As an example, the discrepancies between light obscuration and flow imaging
data from Singh et al. (Table 4 in Ref. (44)) are equivalent to approximately a
factor of two difference in diameters as determined by the two techniques. The
diameter reported by a light obscuration counter is equal to the diameter of a PSL
bead of the same equivalent light scattering as the tested particle. This reported
diameter is approximately equal to the physical particle diameter, provided that
the particles are larger than approximately 10 µm diameter and have a refractive
index difference from the surrounding fluid of 0.1 or more. For protein particles,
the refractive index difference is typically much smaller than 0.1, and PSL beads
do not provide an accurate calibration basis. The inadequacy of PSL beads at
mimicking the optical scattering of protein particles leads to a high sensitivity
of the measurement to the refractive index difference between particles and the
matrix fluid and substantial errors in the reported diameter. One example of this
high sensitivity is the apparent drop in particle concentration as a given number of
particles are spiked into protein solutions of increasing protein concentration (23,
26). As the protein concentration rises, the refractive index of the matrix fluid rises
as well, decreasing the refractive index difference between particles and fluid. In
spite of the low diameter accuracy, light obscuration is still widely used because of
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its role in compendial methods, its ease-of-use, and the experience and historical
data accumulated with this technique.

The limit of quantification is very good with light obscuration and is limited
only by the background count levels. Background counts can arise due to particles
found in nominally particle-freewater or buffers, electrical or optical noise, surface
contamination of the illuminated area of the flow cell, desorption of particles from
wetted surfaces, or diffusion of particles trapped in crevices. Because the source
of background counts is so diverse, the analyst should run appropriate blanks at
the beginning and interspersed among other samples.

For several lots of IgG particle suspensions, Cao et al. (35) obtained a
repeatability of 9% of particle count and an intermediate precision of 11% of
the count. These relative standard deviation (RSD) values reflect the combined
variability of both diameter and count for these polydisperse samples.

Quality Assurance and Troubleshooting

Pharmacopeial methods require that users run both blanks and PSL count
standards to assure the operation of light obscuration apparatus. To adapt these
methods to the smaller sizes of interest to regulatory bodies and industry, we
suggest an additional test of running PSL beads of a known diameter that is close
to the lower limit of the instrument.

The most common problems with light obscuration instruments, along with
recommended solutions are:

• Inaccuracy in particle count. The flow cell may be blocked (see below),
or the syringe pump or tubing may be leaking.

• Drift in diameter indication. Recalibrate with PSL beads as
recommended by the manufacturer.

• High count level in the lowest size bin. Contamination of the illuminated
portion of the flow-cell walls can lead to a high level of noise and spurious
counts in the lowest size bin. Backflushing and cleaning of the cell as
recommended by the manufacturer may help. We have found running
small-diameter (5 µm or less) PSL bead samples through the instrument
after cleaning to be helpful: we surmise that the polymer beads help to
scrub the surface.

• Blocked, or partially blocked cell. Any blockage of the cell can cause
poor repeatability of counts and inaccurate readings of count standards.
Backflushing the cell, followed, if necessary, by cleaning, removes most
blockages.

• Bubbles in the syringe pump. Bubbles can be caused by either leaks in
the fluid lines or cavitation, especially when measuring high-viscosity
liquids. Check for integrity of fluid lines, and refer to the section on
Sample Handling.
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Metrology: Flow Imaging
Overview

Flow imaging offers a number of advantages over light obscuration: a
more direct determination of particle diameter, greater sensitivity to particles
with low optical contrast (23), and differentiation of different particle types
by morphological analysis (36, 37). Although not as fast or as easy to use as
light obscuration counters, the development of both robotic and turn-key flow
imaging systems have increased the throughput and ease-of-use of these devices.
Although light obscuration remains invaluable as a lot release test, flow imaging
is increasingly important for product development and characterization. In this
section, we examine the specific measurement issues of flow imaging.

Flow imaging systems are appealing because the morphological parameters
provide a mechanism to distinguish between particles of different types. As
described in the Introduction, the heterogeneity of the subvisible particle
population makes it very difficult to compare results across laboratories and
samples, as well as tie particular species to potential biological consequences,
without advanced techniques that can distinguish between particle or droplet
subpopulations. Flow imaging does enable identification of subpopulations by
morphological analysis, and the method has been extremely effective in the
analysis of subvisible particles.

Typical flow imaging systems use cell depths of 80 µm to 300 µm for
4× magnification or 80 µm to 100 µm for 10× magnification. Use of higher
magnification and numerical aperture does not necessarily give improved
performance. Increased magnification leads to lower contrast and a smaller
depth of field, both of which can lead to counting and sizing errors. There is a
fundamental trade-off between good optical resolution and large depth of field,
and it is therefore difficult for a single instrument to provide both optimal images
and optimal count accuracy (45).

Sample Handling and Sample Characteristics

In identifying particles, it is useful to generate a library of images for particles
of known chemical composition generated by a known method. For particles
below 10 µm in equivalent diameter, the library will be most useful to generate
typical image attributes (e.g., intensity, aspect ratio) characteristic of particular
particle compositions.

Protein particles themselves are only slightly denser than the surrounding
protein solution, and sedimentation is usually not a major problem. Some
measurable effects can be seen for particles greater than approximately 20 µm in
diameter. One method to assess the magnitude of these effects is to export the
data and then determine the count rate for particles above a certain threshold as a
function of time throughout the run. Sedimentation effects can be minimized by
priming the system over as short a period as possible and by not terminating runs
until nearly all of the tested volume has passed through the flow cell.

Because the run volumes are relatively small (<1 mL) for flow imaging, a
significant number of particles may adhere to the walls of the tubing and other
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components of the flow path above the flow cell. One technique of minimizing the
potential loss of particles by wall adsorption is to not rinse the system with water
or particle-free buffer between counting runs. Varying the rinsing protocols and
examining the resulting variation in counts can be useful to quantify this effect.

Commercial flow imaging instruments acquire a set of background images to
obtain a light-intensity map over the image plane. If the sample has a significantly
different refractive index or opalescence than the liquid used for acquiring the
background images (i.e., a difference in n of ≈0.01 or more), particle detection
will not be optimally sensitive. Measuring the background using filtered protein
solution can be a useful approach.

Linearity, Repeatability, Accuracy, and Limit of Quantitation

Coincidence errors in a flow imaging system can occur when the projected
areas of two particles overlap, leading to a slight non-linearity in the instrument
response versus particle concentration. In effect, an error occurs when two
particles are within an approximate volume At, where A is the projected area of
the larger particle and t is the cell thickness. Coincidence errors are negligible
provided that NAt << 1. In practice, the linearity of flow imaging systems is
excellent and counts as high as 106 mL1 can have negligible coincidence errors
for typical polydisperse protein particle samples.

Although many publications report standard deviations for flow imaging
particle counts, it is difficult to discern if the counts were obtained in quick
succession or for several independent vials. The intermediate precision attainable
with flow imaging can be inferred from the data reported by Sharma et al. (26)
for a dilution study in which known quantities of aggregated mAb were spiked
into nearly particle-free mAb solutions. Over a range of dilutions greater than
1600 (from concentrations of 100 mL-1 to 160 000 mL-1), flow imaging of protein
particles gave total counts that agreed with the expected counts within an RSD of
9% for all particles greater than 2 µm diameter and ≈20% for particles within the
size ranges 2–10 µm, 10–25 µm, and 25–50 µm. As with the light obscuration
precision values, these RSD values reflect the combined variability of both
diameter and count for these polydisperse samples.

Unlike light obscuration instruments or other non-imaging instruments, the
accuracy of flow imaging instruments does not depend greatly on the accuracy of
the flow rate through the instrument. Every time an image is acquired, the system
samples a volume equal to the thickness of the flow cell times the imaged area.
The lateral dimensions of the image are equal to the physical dimensions of the
imaging optical sensor divided by the objective magnification. The magnification
can be confirmed by running large-diameter PSL beads of known diameter through
the system. What is much harder to calibrate is the thickness of the flow cell,
which can vary from one cell to another. The flow cell thickness can be verified by
measuring the concentration of commercial count standards; if the cell thickness
differs appreciably from its nominal value, the counts will be in error.

There are additional issues with the handling of particles that are near the
edge of the field of view, which is primarily a problem for accurate counts of large
particles. Inclusion of particles that are truncated at the image edge will result in
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a count that is slightly too high for small particles and slightly too low for large
particles. There are two ways of assessing the effects of truncated particles. One
method is to export the data and generate particle size distributions with truncated
particles included, truncated particles included only for two sides (e.g., particles
that intersect the top or left edge only are counted), and all truncated particles
excluded. Another method is to export the data and count only particles with a
center of mass that is at least a “guard” distance g from the edge. When deriving
the particle size distribution from these counts, the imaged area per exposure is
now (wx – 2g)(wy – 2g) instead of wxwy, where wx and wy are the dimensions of the
imaged portion of the flow cell. International standards on particle counting give
additional details (46, 47).

The lower size limit of detection for flow imaging systems is generally
near the optical resolution of the system, which is limited to 1–3 µm by the
small numerical aperture of the objectives or by the limited depth of field of
the objective. Optical systems are capable of detecting particles smaller than
the optical resolution, but images of these particles will have little morphology
information, and the diameter of these images will not correspond to the
actual physical diameter of the particle. Some flow imaging systems partially
compensate for this effect. To further complicate the situation, as the refractive
index drops, the measured diameter of small particles will also drop, which is an
effect opposite in sign to the optical resolution effect. The combined magnitude
of both effects may be assessed by measuring silica beads of a diameter close to
the lower limit of the system suspended in a water-glycerol matrix (23).

As discussed in Analytical Techniques: General Discussion section, for
particles of diameter close to the lower limit of detection, these sizing errors can
lead to large errors in particle counts.

The decrease of refractive index difference can lead to an additional effect for
large particles: extended protein particles may consist of relatively dense regions
connected by nearly invisible low-density regions. The particle recognition
software may detect such particles as two or more smaller particles.

Quality Assurance and Troubleshooting

There are several common quality assurance techniques applicable to flow
imaging that are straightforward: monitor repeatability of replicate samples and
run blanks, and count PSL beads of known concentration. Since the count accuracy
depends on the cell thickness, it is also important that each flow cell used be
checked for count accuracy with PSL beads of known concentration.

There is a less obvious method that can identify partially blocked cells and
particles that are stuck on a surface. Assume that the variable x measures the
distance across the field of view transverse to the flow direction, and Nt(x) is the
cumulative number of particles captured for transverse pixel values between 0 and
x. If the particles are randomly distributed, as they should be, then a plot ofNt(x)/N,
where N is the total number of particles measured, will be a straight line. Steps
in the line indicate stuck particles. Smooth deviations from a straight line are
indicative of a clog or partial clog in the flow cell.
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The most common problems with flow imaging, along with recommended
solutions, are the following:

• Improper focus, as indicated by incorrect diameter of PSL beads. Refocus
the instrument according to manufacturer’s recommendations.

• Blocked cell. Backflush the cell or replace it.
• High counts in blanks. Replace the polymer tubing or fittings upstream

of the flow cell; wipe off and rinse with particle-free water any mating
metal tubing.

Advanced Techniques

Overview

As discussed above, optical methods may not accurately count particles
suspended in formulations that are either opalescent or have a refractive index
close to that of the particles. Another weakness of both light obscuration and
flow imaging is their inability to count particles of diameter below ≈2 µm; flow
imaging also cannot reliably differentiate between different particle populations
below ≈5 µm. Exploration of methods for counting and characterizing particles
in the size range 0.1–2 µm is motivated both by a concern that smaller particles
could have an impact on the safety and efficacy of biotherapeutics, as well as by
an interest in understanding the mechanisms of how larger particles are formed.

In this section, we discuss a number of advanced techniques that are
complementary to the more common techniques. Some of these techniques have
only recently been developed; others are established but newly applied to particles
in biotherapeutics. Some of the techniques discussed for soluble aggregates in the
Aggregation chapter/Volume 3, Chapter 5, including electron and atomic force
microscopy, are also of interest in characterizing larger particles. All of these
tools can be applied, as appropriate, during product, process, and formulation
development to help tease out the characteristics of the subpopulations of
subvisible particles present in the protein therapeutic being studied.

Although all of the below methods can be implemented with commercial
equipment, application of these methods to protein particles is still the subject of
much research.

Resonant Mass Measurement

Prefilled syringes containing drug product often have a thin layer of silicone
oil added as a lubricant to aid dispensing, and on storage, silicone oil may leach
into the drug product as small droplets. A pervasive challenge in measuring
particles in these drug products is distinguishing protein particles from silicone
droplets, especially at small sizes (<5 µm), where morphological analysis of
flow imaging data is not reliable. RMM is a recently developed technique that
is ideal for distinguishing oil droplets from protein particles over a size range of
approximately 0.5–5 µm (38, 39).
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RMM directly measures the buoyant mass of a particle, Δm, which is the
mass of the displaced matrix fluid minus the mass of the particle. A fraction of the
test sample passes through a micro-machined channel on a vibrating cantilever
arm. When the buoyant mass is negative, the cantilever mass increases, and the
resonance frequency drops. This method provides very clear differentiation of
silicone oil droplets versus protein particles or manufacturing impurities because
of all common impurities, only silicone oil has a positive Δm. For this reason,
RMM is invaluable in characterizing drug products that contain silicone oil
droplets. RMM does not have the capability to distinguish between different
particle types with negative Δm.

RMM has several practical limitations. An RMMmeasurement requires flow
of sample through a small-diameter channel. The user must take care that the
channels and channel entrances are not clogged by adsorbed protein particles,
which adhere to surfaces much more readily than polymer beads. For protein
particles, conversion of the measured buoyant mass into an effective diameter
is hampered by the lack of knowledge of the density of protein particles. The
reporting of particle counts by diameter bins is conventional, but there is presently
no reason to believe that a particle size distribution is more relevant to product
assessment than a particle mass distribution.

Literature studies of protein particles with RMM show reduced numbers of
particles at diameters less than approximately 0.5 µm equivalent diameter. This
drop-off is likely the result of the limited sensitivity of RMM to particles of this
size or smaller with the density of aggregated protein.

Electrical Sensing Zone Particle Counters

In ESZ particle counters (also termed Coulter counters (48)), particles are
detected by pumping the test sample through an orifice, and then monitoring
the electrical conductance across the orifice. The presence of a non-conducting
particle in the orifice reduces the conductance; the magnitude of the conductance
drop is a quantitative measure of the particle volume, from which an equivalent
effective particle diameter can be inferred. The most significant advantage of
ESZ is that particles may be detected even when the optical contrast approaches
zero or in highly opalescent solutions, which may occur in high-concentration
protein solutions (27, 41). A disadvantage is that the method works best at ionic
conductivities equivalent to 150 mol/L of NaCl, which can be much larger than
the conductivities of some formulated protein solutions.

Comparing the particle diameter obtained from an ESZ counter with that
obtained by other methods is difficult for protein particles because the particle
volume for an irregular, highly hydrated particle is not simply related to the
optical scattering or projected area. More work needs to be done to understand
the relation between protein particle structure and the ESZ signal and correlate
the ESZ observations with microscopy results. A useful validation exercise may
be to compare the reported diameters for irregular particles of known density
(e.g., an abraded polymer) using both ESZ and RMM. For materials of known
density, the particle mass reported by RMM is readily converted to the diameter
of an equivalent sphere, which is the same diameter definition used by ESZ.

380

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ch

00
8

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Particles may be measured over the size range 0.5 µm to 50 µm with ESZ,
but for any given orifice, particles may be detected only down to a diameter of
approximately 6% of the orifice diameter. Near this lower limit, false positives
from electrical noise may be hard to distinguish from true particles (27). Methods
to reliably distinguish electrical noise from true particles are needed to take
full advantage of ESZ. Compounding this problem, addition of salt to improve
the signal-to-noise ratio of the electrical signal may alter the concentration of
aggregates or alter the aggregate structure.

ESZ has great value for the measurement of particles in high-concentration
or high-opalescence drug product in which particles may be impossible to detect
by optical methods. To address the limitations of ESZ, measurements should be
conducted with multiple aperture sizes and different ionic conductances to verify
that electrical noise, sample dilution, and salt addition do not significantly alter the
ESZ results.

Flow Cytometry

Flow cytometry was developed to identify subpopulations of cells by
measuring the scattering of light off of the cells and the simultaneous fluorescence
of labels that are specific for certain cell properties (such as the abundance of
particular receptors). In these instruments, the sample flows in a thin, focused
stream that is traversed by one or more lasers. Detectors measure fluorescence
emitted from individual particles labeled with appropriate fluorescent dyes,
or measure scattering from particles in the forward or side directions. Recent
research has shown that flow cytometry is also applicable to the detection of
particles commonly found in biotherapeutics, including both silicone oil droplets
and protein particles (4, 49–51). Flow cytometry has two potential advantages.
First, it may be possible to detect particles with diameters less than 1 µm.
Second, multiple scattering and fluorescence channels can provide a means for
distinguishing between different particle subpopulations below the 5 µm limit of
flow imaging for morphological analysis. It is also possible to use this technique
to collect subpopulations of aggregate for further characterization.

Protein particles have been fluorescently labeled using hydrophobic dyes.
Stronger fluorescent intensities can be achieved using dyes that fluoresce upon
intercalation in cross-beta-sheet protein structures. In an experiment probing the
interactions between protein aggregates and silicone oil (49), it was possible to
label the protein covalently with an amine-reactive fluorophore, and label the
silicone oil with a non-polar dye. However, this labeling was undertaken prior to
combining the protein particles and oil droplets. Thus, the labeling was useful
for a controlled study, but techniques to selectively label silicone oil droplets and
protein particles in a combined state (e.g., test samples from a stability study)
remain beyond the present state-of-the-art.

There are two main challenges in the use of flow cytometry. First, there
are no standard methods or reference materials for converting the scattering and
fluorescence signals in flow cytometry into absolute measures of particle size
or other physicochemical attributes of the detected particles. There are also no
standard methods for the optimal labeling of particles with fluorescent dyes.
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Research is needed to understand the relative affinities of dyes for different types
of particles, as well as the affinity and binding kinetics of dyes for heterogeneous
particles (e.g., protein coating an inorganic particle). Research also is needed to
ensure that the dyes themselves do not change the nature of the protein particle
population.

Asymmetric Flow Field-Flow Fractionation Plus Optical Detectors

AF4 is not a particle detection method itself but is instead a method to
fractionate polydisperse particle suspensions by size using carefully designed
hydrodynamic flows. Once a polydisperse suspension has been fractionated,
particle size and optical properties may be ascertained using a variety of
detection techniques, including multi-angle light scattering and DLS. In effect,
field-flow fractionation enables the use of several ensemble detection methods
that are sensitive to particle sizes below 1 µm but are unable to accurately size
unfractionated polydisperse mixtures. Potential advantages of AF4 are the very
wide size range of particles measured in a single run, the ability to characterize
particles by multiple detection modes, and the ability to collect fractions with
different aggregate subpopulations.

In AF4, particles are segregated by size along a porous membrane using
fluid flows both parallel and through the membrane. The greatest challenge
in developing field-flow fractionation is to optimize the segregation process to
provide sufficient size separation while minimizing adsorption of protein particles
onto the membrane, which could lead to loss of particles or changes in the
particle size distribution (52, 53). Changes in particle concentration (decreased
concentration during injection, increased concentration during the separation
stage, and dilution during the elution phase) may cause changes in particle size
or morphology. Initial attempts have shown that separation of protein particles
is possible, although the recovery of protein can be as low as 60%, indicating
that membrane adsorption still is a challenge (52, 53). Exposing protein particle
suspensions to multiple separation cycles, with measurements of the particle size
distribution after each cycle, would assist in understanding the impact of the
separation process on the measured size distribution.

Nanoparticle Tracking Analysis

The extent of Brownian motion of small particles depends on the sample
viscosity and the hydrodynamic radius of the particle. DLS measures
hydrodynamic radius by examining fluctuations in scattering caused by Brownian
motion. NTA measures Brownian motion in a much more direct method by
tracking either scattered laser light (54) or the fluorescence of single particles (55).
Provided that the scattering cross section or fluorescence intensity is high enough,
NTA can determine the size of particles below the resolution of optical imaging.
Because NTA is fundamentally a single-particle measurement, NTA works well
with polydisperse mixtures. Limitations of NTA are that the sampling volume is
low and the range of particle concentrations is limited (106 to 109 mL1); at low
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concentrations, there are few particles visible, whereas at high concentrations, the
Brownian motion tracks of different particles can be indistinguishable.

Advantages of the method are that the measured hydrodynamic radius is
approximately comparable to the effective radius obtained by flow imaging
methods for larger particles, and that the method is relatively easy to implement
relative to flow cytometry or AF4. From this perspective, NTA provides a
good general-purpose tool for analysis of particle size distributions below 1
µm, provided that the particle concentrations are within the optimum range. A
challenge of the method is to differentiate particle translation motion from the
internal motion of flexible protein particles. Another limitation is that at high
concentration of protein monomer, the background light scattering increases, and
small particles may be more difficult to detect and track. The method may allow
categorization of different subpopulations by examining the scattering intensity.

Conclusions

This chapter has focused on methods for measurement of the size and amount
of the subvisible particles in protein therapeutics, especially light obscuration and
flow imaging, covering their strengths, weaknesses, and applications. Particle
size distribution is an important parameter that can be used to help develop protein
candidates, processes, and formulations that minimize particle formation. These
techniques can also be used to help understand which particle characteristics are
most important in eliciting a biological response. These are important tools to
have in the analytical tool box. The compendial method, light obscuration, has
the advantage of years of use and extensive historical data. Characterization
performed at the earlier stages of development can be used to support the
use of a single lot release method, with a clearly defined strategy for further
characterization when appropriate. As emerging technology continues to improve
and expand, the underlying mechanism of protein aggregation will be better
understood. Such advances will likely allow observation of the subpopulations
that comprise the total subvisible particle population, which should result in ever
more homogeneous drug product.
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Chapter 9

Analytical Methods for the
Measurement of Host Cell Proteins and

Other Process-Related Impurities

Kesh Prakash*,1 and Weibin Chen2

1Emergent BioSolutions, 300 Professional Drive,
Gaithersburg, Maryland 20879, United States

2Waters Corporation, 34 Maple Street,
Milford, Massachusetts 01757, United States

*E-mail: PrakashK@ebsi.com

Host cell proteins (HCPs) and other process-related impurities
such as Protein A, insulin, and residual host cell DNA
are routinely encountered during the manufacture of
biopharmaceutical products. HCP impurities are of significant
interest to the biopharmaceutical industry because therapeutic
proteins (monoclonal antibodies [mAbs] and recombinant
proteins) need to be highly purified from the production host
cell line that is utilized to manufacture them. It is imperative
that HCPs are removed during the purification (downstream)
process and brought down to as low a level as possible in the
final drug substance. This is done to ensure product purity and
safety. Similarly, clearance of other process-related impurities
(host cell DNA, protein A, and insulin) must be demonstrated
during the manufacture of biopharmaceutical products. This
chapter will discuss analytical methods that cover the detection
and clearance of these impurities. In addition, the application
of these analytical methods to the quantitation of various
process-related impurities in the submitted NISTmAb is
described. The results obtained show that the test sample is
pure and would meet specification requirements.

© 2015 American Chemical Society
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General Introduction to Host Cell Proteins (HCPs) and
Other Process-Related Impurities

The production of a biopharmaceutical such as a monoclonal antibody (mAb)
involves a variety of steps, typically divided into upstream and downstream
processes (1). From any stage of the process, process-related impurities, which
can include raw materials, host cell components, media components, leachables
from the type of purification process used, and chemical additives, may be
derived (2). For example, low levels of process-related impurities such as HCPs
and residual DNA (from the host cell) may persist during various stages of
the biopharmaceutical manufacturing process. Downstream processing steps
intended for removal of such impurities (e.g., Protein A that may leach from
the Protein A resin) may also be introduced. Based on the manufacturing
process used, other cell culture media-derived impurities (e.g., insulin, bovine
serum albumin [BSA], transferrin, β-glucans) also may be present and will need
quantification (2). Although there are a number of such potential impurities to
consider, this chapter will focus mainly on HCPs, Protein A, insulin, and residual
DNA.

Cell expression system-derived impurities will vary, depending on the host
cell used in the production process. Biopharmaceutical products are generally
produced utilizing recombinant technology in host cells ranging from bacteria
(e.g., Escherichia coli [E. coli]), yeast (e.g., Pichia pastoris), or cell lines of
various origins such as mammalian (e.g., Chinese hamster ovary [CHO] cells),
insect (e.g., Sf9 cells), or even plant (e.g., tobacco). Host cell-derived proteins or
HCPs arise as a result of cell lysis or secretion during cell culture and harvesting,
and they are released into the medium in addition to the product. HCPs are
a complex set of proteins that need to be monitored during the development
and commercialization of biopharmaceutical products. It is essential that HCPs
be removed during the purification process and brought down to as low a
level as possible in the final drug product to ensure product purity and patient
safety (2, 3). HCPs should be few in number and low in quantity. One of the
important properties of HCPs is that they are specific and unique to the host
cells and the particular culture process used for manufacture (4, 5). HCPs can
vary in isoelectric point (pI) (~3–11) and hydrophobicity, and display a broad
range of molecular weights (5 kD to > 250 kD), depending on the host cell and
manufacturing process utilized. The number of HCPs in conditioned media
(upstream) samples can vary from several hundred (e.g., E. coli) to more than a
thousand proteins (e.g., CHO cells), depending on the host cell system used (4,
5). Most of the experience gathered to date has been obtained utilizing E. coli and
mammalian cells like CHO and NS0 (2, 5).

Additional impurities must also be considered. Purification-derived
impurities include host cell DNA. Low levels of host cell DNA originating from
cellular DNA also may remain following purification (3, 6).

Cell culture and harvest-derived impurities usually consist of raw materials
like insulin and others added as growth media supplements for stimulating cell
growth. The purification process must be designed appropriately to bring these
impurity levels down. In addition, downstream purification process-derived
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impurities such as Protein A may be present as a result of leaching from Protein
A resin (2) used as the capture column during purification of mAbs.

The goal across the biopharmaceutical industry is to develop a production
process that results in low levels of all process-related impurities—HCPs, host
cell DNA, Protein A, insulin, and so forth. All of this is done to ensure product
purity and safety prior to administration of these products to patients.

Regulatory Guidance

There is no clear regulatory guidance on HCP, Protein A, and insulin
levels. However, most biopharmaceutical products reviewed by the U.S. Food
and Drug Administration (FDA) contain enzyme-linked immunosorbent assay
(ELISA)-based HCP levels of 1 to 100 ng/mg of product (3, 7–10). The ability
to set a single numerical limit for an appropriate level of HCP for all products is
difficult because the HCPs present can vary from process to process and product
to product, and the sensitivity of detection and quantitation is closely linked to
the quality of the immunoreagents from which the assay is constructed.

According to both U.S. (FDA) and European Union (European Medicines
Agency [EMEA]) regulations, HCPs are labelled as process-derived impurities,
and guidance to lower their presence by the use of appropriate well-controlled
manufacturing processes is given. In particular, 21 CFR 610.13 (6) states that
biological products be “… free of extraneous material except that which is
unavoidable…,” while ICH Q6B guidance (10) specifically states that biologic
product manufacturers should evaluate impurities which may be present and
developmeaningful acceptance criteria for the impurities based on their preclinical
and clinical experience. However, this guidance also recognizes the challenges
that exist with HCP assay-specific data and product- and process-specific reagents.
Per ICH Q6B (10), “The absolute purity of biotechnological and biological
products is difficult to determine and the results are method-dependent.” Along
the same line, the EMEA (11) has stated that “… standardization of the analytical
methods would be problematic since the reagents used are product and production
system-related.”

Although FDA guidance describes the need to test for HCPs, it also allows,
through validation, removal of testing requirements once clearance has been
shown to be uniform and consistent. An appropriately conducted clearance study
carried out as part of process validation can be an acceptable alternative for
production lot-to-lot testing (12) even in cases where low quantities of HCPs
are present in the drug substance. Additionally, the FDA (10) states that “[i]f
impurities are qualitatively and quantitatively (i.e., relative amounts and/or
concentrations) the same as in the drug substance, testing of the drug product is
not necessary.”

As far as the process-related impurities Protein A and insulin are concerned,
there is no defined guidance by regulatory agencies (e.g., FDA, EMEA). The
general rule of thumb that is followed across the biopharmaceutical industry is
to develop and optimize processes to bring all process-related impurities (HCPs,
Protein A, and insulin) to as low a level as possible (10, 12).
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With regard to host cell DNA, FDA requirements in the past stipulated an
upper limit of 100 pg per therapeutic patient dose (13). This has now been replaced
byWorld Health Organization (WHO) guidelines that have an upper limit of 10 ng/
patient dose (14). This guideline is followed for products produced in mammalian
and non-mammalian systems.

Immunogenicity Pertaining to HCPs; Quality Issues Related to
HCPs and Other Impurities

HCPs

mAb products are large molecules that can bind to specific targets. mAbs
could be considered to have a potential for immunotoxicity, which is reflected in
the clinical experience accumulated on mAbs-induced adverse effects related to
immunosuppression, immunostimulation and hypersensitivity (immunogenicity).
Moreover, it is well known that anti-drug antibodies can be induced when
immune systems recognize a material (e.g., mAb) introduced as foreign,
especially for parenterally administered products. Biopharmaceuticals can elicit
product-specific anti-drug antibodies (ADA), or antibodies against HCPs can
develop in either nonclinical or clinical studies.

Anti-HCP antibodies could cause adverse events by inducing immune-
mediated clinical sequelae such as injection site reactions, flu-like symptoms,
and at worst case, anaphylaxis (15). Immunogenicity also may be related to
the state of a patient receiving such therapy, as pre-existing antibodies to HCPs
have been identified in individuals with no known exposure to biopharmaceutical
products (16). In addition, it has been observed that HCPs may act as adjuvants
and enhance an ADA immune response to the product itself (3, 12).

Although the risk of immunogenicity related directly or indirectly to HCPs is
not well published, there are some cases, and the general perception is that it is a
risk to be considered. Proteases are one of the types of HCPs that may indirectly
influence immunogenicity to the product. Proteolytic HCPs have the potential
to digest the desired protein product over time, thus altering biological potency,
bioavailability, or—through the creation of immunogenic sequences—inducing
an ADA response (17). Similar reports of HCP-related ADAs in biosimilars have
appeared recently (18).

Insulin

In terms of human safety, high doses of insulin (100–200 µIU/kg) is associated
with hypoglycemia, coma, convulsions, and even death in very severe cases. There
are at least three recombinant human insulin products that have been used or are
in use in humans, including Velosulin BR®, Humulin® R, and Exubera® (19).
There are no clear reproductive toxicity or carcinogenicity warnings in the labels
of these approved products. As no harmful activity has been attributed to insulin
so far across products commercialized by the biopharmaceutical industry, it is not
expected to have biological or safety effects at the trace levels that may be present
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in non-insulin drug products due to residual raw material insulin process-related
impurity.

Protein A

Some published information is available on the toxicity risk attributable to
Protein A impurity (20, 21). As Protein A is obtained from the cell wall of the
bacterium Staphylococcus aureus, a test for bacterial endotoxin is carried out on
every biopharmaceutical product before it is released.

DNA

For host cell DNA, it has been generally shown that DNA with unmethylated
cytosine-guanosine (CpG) dinucleotide motifs (i.e., unmethylated dinucleotides
of cytosine and guanine) may be immunostimulatory. As mammalian DNA (e.g.,
NS0 cells) is known to be methylated at 60 to 90% (22), DNA methylated at
this level has a very low risk for immunogenicity. In contrast, bacterial DNA
(e.g., E. coli) possesses immunostimulatory potential as DNA-containing fractions
mediate immune modulation. It has been shown that this is due to the relative
abundance of unmethylated CpGs in bacterial DNA (23). Additionally, DNA
fragments observed in host cell DNA are usually smaller than 200 base pairs (bp)
and therefore provide substantial safety margins pertaining to oncogenicity and
infectivity for biopharmaceutical products that meet the 10 ng DNA/patient dose
limit (24, 25). Reduction of DNA fragment size (< 200 bp) reduces the probability
that intact oncogenes or viral infectious sequences would be present.

Considerations for Manufacturing Consistency and
HCP Clearance

A biopharmaceutical product is generally secreted from mammalian cells
into the surrounding cell culture medium in a manner similar to secreted native
host proteins. When cells die during cell expansion in bioreactors (fermentation),
soluble proteins from within the cells may be released into the cell culture media.
During cell harvest, cells lyse due to shear stress and may result in increased
levels of HCPs.

As clarified cell culture media containing HCPs is taken through the
downstream purification process, each purification step (consisting of various
types of resins, nanoparticle/virus filters, etc.) affects the clearance of HCPs in
different ways. The intrinsic features of the product, the isolation procedure, and
the downstream purification process are all factors that influence HCP levels.
The particular properties of the HCP may result in its co-purification with the
product, in rare cases through direct association (26). Therefore, a well-designed
and properly scaled up purification process is imperative to help reduce the
HCPs to the lowest levels possible. Once the process is optimized, process
characterization and validation studies are necessary to demonstrate removal
of HCP by each process purification step. Moreover, it is essential to evaluate
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the robustness of each of these steps to show reliable and consistent removal of
HCPs during manufacturing. Well-developed and optimized HCP assays play a
major role in ensuring consistency of manufacturing runs. In the end, reliable,
robust, and reproducible HCP assays are used to quantitate the level of residual
HCPs remaining in the final drug product that is to be administered to patients.
A downward trend of HCP clearance, beginning with the cell culture medium
all the way through the drug substance/drug product using these assays must be
established. HCP levels should be well documented for pre-clinical lots used in
toxicology studies, in lots used for clinical trials, and in process validation of the
final commercial process.

Methods for Quantitation of HCPs and Other Process-Related
Impurities

The methods currently used for the measurement of HCPs and host cell
DNA are based on a sandwich ELISA (2, 27) format and real-time quantitative
polymerase chain reaction (qPCR), respectively. PicoGreen®, a fluorescent
nucleic acid stain, is used for host cell DNA quantitation, but this technique
has the disadvantage of including the contribution of single-stranded nucleic
acids (RNA) and free nucleotides to the measurement signal. In addition, the
Picogreen® method is less sensitive than the ThresholdTM or qPCR methods.
Therefore, the PicoGreen® method is not often used for quantitation unless it is
being used for quick, initial screening purposes.

There are both immunological (ELISA) and non-immunological methods
(liquid chromatography-tandem mass spectrometry [LC-MS/MS], LC-MS
HCP chapter/Volume 3, Chapter 13) to detect and quantitate HCPs (28, 29).
Immunological methods are the main methods of choice for measurement of
the impurities such as HCP, Protein A, and insulin as they are relatively easy to
perform, are quantitative due to their measurement being based on direct antigen
(e.g., HCP)-antibody interaction, and provide good sensitivity. The workhorse
for HCP quantitation has been the sandwich immunoassay (plate ELISA format,
Figure 1), based on polyclonal antibodies raised against a wide range of HCPs.
This assay offers a combination of accuracy, precision, reproducibility, sensitivity,
relatively high throughput, potential for automation, quantitative value, quick
turn-around if properly planned, and a fairly low cost per assay. The polyclonal
anti-HCP antibodies are used for both capture and detection, with the detector
antibodies being biotin-labelled. Then, a streptavidin-peroxidase conjugate is
used followed by the addition of a specific substrate. Absorbance is read in a
microplate reader at a specific wavelength. HCP quantities are regressed from the
standard curve generated by the software used and corrected for dilution factors.
Sample values are reported as the mean concentration of the dilutions yielding
spike recovery values (usually 75–125%) in samples containing defined amounts
of HCP antigen spiked in them. The ± 25% recovery is generally followed
throughout the industry.
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Figure 1. Sandwich enzyme-linked immunosorbent assay (ELISA)
format. HCP = host cell protein, HRP = horseradish peroxidase, TMB =

3,3′,5,5′-tetramethylbenzidine.

Other immunoassay formats, such as the direct and competition immunoassay
methods, are not suitable because they lack the higher sensitivity afforded by the
sandwich ELISA. It is pertinent to point out here that the polyclonal anti-HCP
reagents used in the sandwich ELISA (plate method) cannot recognize all of
the possible HCP species because some HCP species can either be weakly
immunogenic or have no immunogenic potential at all. The percent recognition of
all possible HCP species present is defined as percent coverage. The methods for
coverage determination are challenging and results can vary widely from analysis
to analysis, limiting the quantitative power of this technique. It is generally
accepted that “good” polyclonal antisera usually react with more than 50% of the
HCPs present. Orthogonal methods for assessing product purity may need to be
developed. These may involve the use anti-HCP antibodies (in 2-dimensional
[2-D] gel western blots) or may be non-antibody based (LC-MS/MS methods,
LC-MS HCP chapter/Volume 3, Chapter 13). Non-immunological LC-MS
methods (28, 29) can be used to provide increased assurance of product purity
and safety. For example, it could be used for identification and/or quantitation
of the HCP impurity when present in high abundance, or to identify HCPs for
which antibodies are not easily raised for use in the HCP ELISA. Knowledge of
the identity of the HCP impurity is gathered and a quantitative method for that
particular protein impurity could then be developed if it is deemed immunogenic
or risky. Orthogonal LC-MS methods are an emerging technology that shows
great promise to provide complementary information to ELISA, and are expected
to play an increasing role in biopharmaceutical development as described in the
LC-MS HCP chapter/Volume 3, Chapter 13.

Protein A and insulin also are commonly measured using ELISA. With
regard to the sandwich ELISA formats for quantitation of Protein A and insulin,
the interest is focused on a specific protein rather than the entire proteome
of a given cell line. Therefore, a majority of the industry uses commercially
available antibodies such as polyclonal anti-Protein A antibody and anti-human
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insulin antibody, respectively, for capture and appropriate biotinylated antibodies
for detection. These assays are mostly developed in-house using plate ELISA
formats.

Characterization and Development of Reagents with Reference
to HCP Critical Reagents

Critical Reagents

HCPs are complex proteins numbering anywhere from several hundred (cell
lysate from bacteria) tomore than a thousand (mammalian cell culture supernatant)
species of proteins (4, 5), varying in molecular weight, pI, hydrophobicity, and
potential for being immunogenic. The HCP antigen generated will be used as the
reference standard in HCP assays, and most importantly, this HCP antigen will be
used as the immunogen to raise anti-HCP polyclonal antibodies in various animals
(rabbits, sheep, or goats). The antigen is therefore paramount to producing an anti-
HCP panel having good reactivity to asmanyHCP antigen species as possible. The
HCP antigen and the anti-HCP polyclonal antibodies are the most critical reagents
for the sandwich ELISA used for quantitating HCPs.

Preparation of the HCP Antigen

The HCP antigen preparation is typically made from null cells that do not
contain the gene for the target or the product of interest (30). Two methods may
be used. Method 1 consists of utilizing the non-transfected parental cell line that
was expanded to create the production cell line (4). A non-transfected cell line
does not express selection markers or other genes coded for by the expression
plasmid. In method 2, mock-transfected cells can be used as null cells to produce
HCP antigen (5). These cells are created by transfecting the parental cell line with
an empty or blank plasmid that was used to create the production cell line but
missing the gene for the actual product. Once the null cells have been identified,
the HCP antigen is prepared by a mock production run. The prevalent approach
is to use a platform cell culture process that is used for several products, such
as monoclonal antibodies, from the same cell line. When a platform cell culture
process is used, it is very minimally processed in order to ensure that the material
contains a broad range of HCPs. For example, the conditioned media from the
bioreactor fermentation run containing all the secreted or released HCPs is used as
the HCP antigen source as this contains all the HCPs possibly originating from that
particular cell culture process. Therefore, this allows for the use of the antigen for
HCP monitoring of multiple products generated from the same platform upstream
process using mammalian cell lines (e.g., CHO cells).

Preparation of Anti-HCP Polyclonal Antibodies

A wide range of animal species are used to generate anti-HCP antisera. The
HCP antigen (immunogen), derived from either bacterial or mammalian cells, is
combined with an adjuvant (complete or incomplete Freund’s adjuvant) before
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immunization of the animals (most commonly rabbits, goats, or sheep) (2).
During the immunization, each animal receives a priming immunization followed
by several (4 to 6) booster shots to produce high titer, high affinity/avidity
polyclonal antibodies. Antiserum is collected from each animal prior to the
first priming immunization (control bleed) and at certain intervals (~2 weeks)
subsequent to the booster shots (sample bleeds). Normally, four to six bleeds are
collected from each animal. The test samples obtained from the animal antisera
are assessed by a titer immunoassay and western blot to evaluate the antiserum
with regard to antibody affinity, specificity, degree of immunoreactivity, and titer.
The titer is usually identified as the dilution of antibody yielding a signal at least
three- to four-fold higher than the non-specific binding signal seen in the titer
immunoassay. High titer responses are typically in the 1:1000 or 1:2000 dilution
ranges, whereas low titers are below the 1:500 dilution range. It is critical to
assess the level of immunoreactivity of each test bleed. Test bleeds are combined
to ensure that the antisera included in the final pool display immunoreactivity to
most of the HCP proteins present during the product manufacturing process and
do not contain antibodies that react with the product. It is important to perform
titer and western blot analysis of the each test bleed prior to combining high titer
antisera, and this allows one to also remove sera samples with low titer. Once
fully characterized, appropriate sera samples are combined and the total antibody
fraction purified. Antibody purification is usually carried out by Protein A or
Protein G and/or HCP column affinity chromatography.

The choice of use of Protein A or Protein G affinity ligand depends on the
animal species from which the antibodies were generated. Anti-HCP antibodies
produced in rabbits can be purified on either Protein A or Protein G affinity
columns. In general, goat or sheep antibodies are purified using a Protein G resin
column. Some use HCP affinity columns to specifically purify the anti-HCP
antibody fraction. Both purification methods (Protein A/G, HCP affinity) are in
common usage, sometimes in combination.

Characterization of Anti-HCP Polyclonal Antibodies

The affinity-purified antibodies are used as both capture and detector
antibodies in the HCP sandwich ELISA. If prepared and stored properly as a large
batch (frozen at −70°C) and used efficiently, these antibodies should last for many
years (5–10 years). Initially, the protein concentration of the batch is measured by
A280 or bicinchoninic acid assay (BCA) or with any other suitable method. The
correct antibody pair (coating or capture antibody and biotin-labelled detector
antibody) for the HCP sandwich ELISA is finalized by testing HCP-containing
samples obtained from the unit operations of the appropriate purification process.
The sensitivity and specificity are assessed by ensuring non-reactivity with the
product of interest.

One of the methods for characterization of anti-HCP polyclonal antisera is
to carry out 1-dimensional (1-D) gel western blot analysis initially to get a gross
picture of HCP binding efficiency, followed by a confirmatory 2-D gel western
blot analysis using the HCP immunogen used to raise the anti-HCP polyclonal
antibodies (Figure 2). In the first dimension, the HCP immunogen is separated
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into various protein species based on its pI, whereas in the second dimension,
it is lined up based on the molecular weight of each protein component. More
than 1200 HCP species are present, as shown by silver staining, which is a
comprehensive method that labels all protein species present (Figure 2A). Western
blot analysis is then done using the anti-HCP polyclonal antibodies raised (Figure
2B). Comparison of the two gels allows one to estimate the coverage (percent
coverage) of the raised antibodies. In this particular case, the percent coverage
estimated was ~75%. The dark spots (black) in Figure 2B show the HCP species
that are recognized and bound by the anti-HCP polyclonal antibodies. Some HCP
species of higher molecular weight (100–150 kD) and higher pI values (8–10) seen
in Figure 2A are not recognized by the anti-HCP antisera and are therefore not
bound (Figure 2B). The percent coverage of HCPs helps to ascertain the quality
of the antibodies for the HCP immunogen used. As these coverage analyses are
quite complex and require a high level of skill to execute, it is imperative to do
this on large-format gels at least a few times and derive an average value. The
large-format gels (18 cm or longer) have higher resolution and are therefore more
meaningful than small format gels (< 10 cm). Although there is no upper limit
to this percent coverage value, the higher the number, the better the coverage
of HCPs by that particular batch of antibodies generated. The percent coverage
analysis is an important measure of the quality of the anti-HCP polyclonal
antibodies. The 2-D gel procedure is prone to artifacts (e.g., HCPs are denatured
and may not reflect those bound in solution in ELISA) and highly variable.
For this reason, they see their main application as a qualitative comparison of
antibody batches as part of an overall evaluation. It is important to emphasize
that the coverage estimated by 2-D gel western blots is only approximate because
the exact value is very technique-dependent (i.e., having low reproducibility) and
is influenced by the amount of protein loaded on the gel and the exact way the
western blotting is carried out.

Figure 2. Two-dimensional gel western blot analysis. (A) Host cell proteins
(HCPs) seen after silver staining. (B) HCPs recognized and bound by anti-HCP

polyclonal antibodies.
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Good Manufacturing Practice (GMP) Testing
As previously stated in this chapter, all of the HCPs present in the HCP

immunogen used to raise polyclonal antibodies are not necessarily immunogenic
because some could be weakly immunogenic and some not immunogenic at all.
Therefore, during the assessment of product purity, the sandwich HCP ELISA
may not detect and accurately quantify all of the potential HCPs present at the end
of the product purification process. The ELISA is therefore used as only one part
of a system of evaluation of product purity. There are other orthogonal methods,
such as sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels, reversed phase-high-pressure liquid chromatography (RP-HPLC), and
LC-MS/MS, which could be used to identify the hard-to-quantitate HCPs. Efforts
should be made to identify those unique HCPs that have a predilection to be
co-purified with product. As a result, HCP ELISAs used for product purity
assessment are usually part of the GMP control system. It is generally carried out
as an in-process test, but some companies across the biopharmaceutical industry
also perform a Certificate of Analysis (C of A) test. The HCP ELISA needs to
have appropriate alert and reject limits in place. Orthogonal methods are most
useful as characterization tools when demonstrated to be scientifically sound.

Management of HCP Assay Critical Reagents through the
Life Cycle of the Product

The most critical reagents for the HCP assay are the HCP antigen and
anti-HCP polyclonal antibodies. When stored frozen and properly validated for
bench stability, HCP reagents are generally stable for many years. However, as
stocks are depleted, it is essential to have a process and plan for their replacement.
The general rule-of-thumb is to prepare a high volume of anti-HCP antibodies
soon after the HCP immunogen/calibration standard is prepared. This is the
standard that is prepared initially from the null or mock transfected cells. When
the supply is exhausted, a new pair of reagents (HCP antigen and anti-HCP
antibodies) should be generated following the same procedure that was used for
the previous set of reagents in order to maintain consistent performance of the new
and previous HCP assays. Often across the industry, the manufacturing process
is modified to improve the yield of the biopharmaceutical product. In such a
situation, the original HCP assay reagents might have been produced according
to the previous or old process that is not similar to the newly developed process.
The old process reagents may not yield HCP values similar to those obtained
using the new pair of reagents (HCP antigen and anti-HCP antibodies). If the
upstream cell culture process has changed significantly, a new reagent may be
required. The new reagent performance should be evaluated for accuracy again in
the HCP assay using spike recovery, precision/reproducibility, sensitivity, range
of detection, lack of interference from various sample matrices, and linearity in all
in-process samples and the final drug substance. Some laboratories in the industry
also use a technique called 2D-difference gel electrophoresis (DIGE), as it allows
for a direct comparison of HCP populations between new and old processes (31,
32). In 2D-DIGE, different samples (up to 5) can be simultaneously analyzed and
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compared on the same gel by labeling with CyDyes. This helps in evaluating if
the changes between the two processes are large enough to merit going through
the development of a new HCP assay. It is important to demonstrate that the new
HCP assay is appropriate by showing that HCP clearance (fold clearance from
step-to-step), beginning with the conditioned media (step 1, harvest) all the way
down to the drug substance (final step), is similar or better than that observed
with the old HCP assay.

In order to achieve this goal, the new HCP antigen should be prepared using
a method similar to that used for making the old or previous version of the HCP
antigen. After measuring the protein concentration of the new HCP antigen, a
comparison of the new and old HCP standards should be carried out by SDS-PAGE
gel characterization to demonstrate similarity between the two.

With regard to the anti-HCP polyclonal antibody preparation, it is better
to use the same animal species that had been used for raising the old antibody
reagent. The new anti-HCP polyclonal antibodies need to be characterized by 2-D
western blot coverage analysis, as described above. In particular, a side-by-side
comparison of the old and new anti-HCP polyclonal antibodies using the same
sandwich HCP ELISA format is essential to show the suitability of the new
reagents in the new HCP assay. Assay qualification using appropriate parameters
(accuracy; precision, including repeatability and reproducibility; range; linearity;
and sensitivity) should be performed. Bridging studies also should be performed
using several samples from step 1 (harvest), all in-process steps, and the final drug
substance. Identical samples should be tested in the old and new HCP sandwich
ELISAs, and data obtained should be compared. The anti-HCP polyclonal
antibodies generally are very stable when stored frozen (−80°C), and maintaining
storage integrity throughout the life cycle of the product it is intended for is
critical.

NIST Sample: Assay Protocols and Summary of Results

The NISTmAb described throughout the current series is intended as an
analytical reference material that mimics a typical biopharmaceutical drug
substance. Therefore, to serve as a representative material, it should be free of
process-related impurities to a level expected for a typical drug substance. For
this reason, a subset of process-related impurity methods were applied to the
NISTmAb sample to evaluate HCPs, Protein A, insulin, and residual DNA levels.

Sample

The NISTmAb sample, received from NIST, was described to be a purified,
humanized IgG1κ mAb produced in murine myeloma suspension cells. The
antibody was at a concentration of 100 mg/mL in 12.5 mM L-His, 12.5 mM L-His
HCl (pH 6.0).
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Assay Protocols

The protocols used for quantitation of HCP and the other process-related
impurities (Protein A, insulin, and host cell DNA) in the sample (IgG1κ mAb, #
203972) sent by NIST are shown in brief below:

HCP Assay

HCP antigen standard was derived from the HCP antigen (immunogen)
from an in-house murine cell line in order to mimic as closely as possible
the profile one may expect from the NISTmAb. HCP antigen (ranging
from 125 ng/mL to 5 ng/mL), the NISTmAb sample (in serial dilutions,
1:10, 1:50, 1:100, etc.) and controls (samples with no NISTmAb and
positive controls) were added to an ELISA plate coated with anti-HCP
polyclonal antibodies (capture antibody). Following incubation, biotinylated
anti-HCP antibody (detector antibody) was added and incubated. Next, a
streptavidin-peroxidase conjugate was added and incubated. Finally, the substrate
ABTS (2,2′-azinobis[3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt)
was added and incubated before stopping the reaction with the addition of ABTS
stop solution. The absorbance was measured at 405 nm using a microplate reader.
HCP level present in the NIST sample was regressed from the standard curve
generated by the software and corrected for the dilution factor. The sample HCP
concentration was reported as the mean concentration of the dilutions yielding
spike recovery values of 75 to 125%. This has been discussed under “Methods
for quantitation of HCPs and other process-related impurities” earlier in this
chapter. The HCP level in the sample, after correction based on a mAb product
concentration of 100 mg/mL, was calculated to be 1.8 ng/mg (Table 1). System
suitability requirements of the standard operating procedure (SOP) used for this
assay were successfully met. In general, system suitability requirements pertain
to obtaining a correlation coefficient (R) of ≥ 0.990 with the HCP antigen standard
curve, negative control showing a value below the lower limit of quantitation
(LLOQ), and the positive control (1000 ng/mL) to fall within 750 to 1250 ng/mL
in the HCP assay.

Protein A Assay

Standards (ranging from 12.5 to 0.1 ng/mL to generate a standard curve),
the NISTmAb sample, and controls were added to an ELISA plate coated with
commercially available polyclonal anti-Protein A antibody (capture antibody).
Following incubation, biotin-labelled anti-Protein A antibody (detector antibody)
was added and incubated. Next a streptavidin-peroxidase conjugate was added
and incubated. Finally, the colorimetric substrate ABTS was added and incubated
before stopping the reaction with the addition of ABTS stop solution. The
absorbance was measured at 405 nm using a microplate reader. The Protein A
level in the NIST sample was regressed from the standard curve generated by the
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software and corrected for the dilution factor. Sample Protein A concentration
was reported as the mean concentration of the dilutions yielding spike recovery
values of 75 to 125%. The Protein A level in the sample, after correction based on
a mAb product concentration of 100 mg/mL, was calculated to be < 0.01 ng/mg
(Table 1). System suitability requirements of the SOP used for this assay were
successfully met. In general, system suitability requirements pertain to obtaining
an R value of ≥ 0.995 with the Protein A standard curve, negative control showing
a < LLOQ value, and the positive control (2.5 ng/mL) to fall within 1.875 to
3.125 ng/mL in the Protein A assay.

Table 1. NIST Sample Results in Process-Related Impurity Assays

Process-Related Impurity
Method

Assay System
Suitability

LLOQa Result Obtainedb

Host Cell Protein (HCP)
ELISAc

Met requirements 5 ng/mL 1.8 ng/mg

Protein A ELISA Met requirements 0.1 ng/mL < 0.01 ng/mg
(No signal
observed)

Insulin ELISA Met requirements 4 μIU/mL < 0.4 μIU/mg
(No signal
observed)

Host Cell DNA qPCRd Met requirements 0.3 pg/mL < 2.00 × 10−5 ng/mg
(No signal
observed)

a LLOQ is the lower limit of quantitation of each impurity assay. b Results obtained in all
the assays generally calculated using the following formula:

c ELISA = enzyme-linked immunosorbent assay. d qPCR = quantitative polymerase
chain reaction.

Insulin Assay

Standards (ranging from 250 µIU/mL to 1.95 µIU/mL to generate a
standard curve), the NISTmAb sample, and controls were added to an
ELISA plate coated with commercially available anti-human insulin antibody
(capture antibody). Following incubation, biotinylated anti-human insulin
antibody (detector antibody) was added and incubated. Next, HRP-labeled
streptavidin conjugate was added and incubated. The colorimetric substrate TMB
(3,3′,5,5′-tetramethylbenzidine) was then added and incubated before stopping
the reaction by adding sulfuric acid. The absorbance was measured at 450 nm
using a microplate reader. The insulin level in the NIST sample was regressed
from the standard curve generated by the software and corrected for the dilution
factor. The sample insulin concentration was reported as the mean concentration
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of the dilutions yielding spike recovery values of 75 to 125%. The insulin level in
the sample, after correction based on a mAb product concentration of 100 mg/mL,
was calculated to be < 0.4 µIU /mg (Table 1). System suitability requirements of
the SOP used for this assay were successfully met. In general, system suitability
requirements pertain to obtaining an R value of ≥ 0.990 with the insulin standard
curve, negative control showing a < LLOQ value, and the positive control to fall
within 80 to 120 μIU/mL in the insulin assay.

Residual Host Cell DNA Assay

The assay was performed in a 96-well format using the Applied Biosystems
7500 Real-Time PCR System and Sequence Detection System (SDS) software
using Power SYBR Green chemistry, with forward and reverse primers specific
for short interspersed repetitive elements (SINE) found within the mouse genome.
The NISTmAb sample, NS0 genomic DNA calibrators, and controls were added
to a reagent master mix containing primers and SYBR Green. Quantitation of
DNA in theNISTmAb sample was regressed from an assay-specific standard curve
generated by the software. System suitability requirements of the SOP used for this
assay were successfully met. In general, system suitability requirements pertain
to obtaining an R value of ≥ 0.990 with the NS0 DNA standard curve, and no
template control showing a Ct >Mean Ct of Standard Calibrator 0.001 pg/10 μL or
undetermined quantity in the host cell DNA assay.

After running all of the process-related impurity assays described above, the
results we obtained on the NIST sample mAb at MedImmune are shown below in
Table 1.

Conclusions

The current chapter has described the various process-related impurities one
would encounter in a biopharmaceutical product (mAb). It is pertinent to mention
here that the HCP values are critically evaluated from the point of view of the type
of disease these products are clinically used for (acute or chronic) as well as the
route of administration and the total dose used in patients.

As described in the section on regulatory guidance, the numbers shown for
process-related impurities in Table 1 for the NIST sample are within the levels
generally seen in FDA-reviewed products for HCP (3, 7) (ELISA-based HCP
levels of 1–100 ng/mg) and the host cell DNA levels that need to be met per WHO
guidelines (14) (upper limit of 10 ng/patient dose for monoclonal antibodies).
There are no clear guidelines on the limits (upper levels) allowed for other process-
related impurities such as Protein A and insulin in biopharmaceutical products,
although the aim is to have them as low as possible. The NISTmAb also showed
very low levels of these potential process impurities. In summary, the results
obtained on the NISTmAb sample for all four process-related impurities (HCP,
Protein A, insulin, and host cell DNA), as shown in Table 1, are (a) extremely
low for HCP and (b) below the LLOQ for Protein A, insulin, and host cell DNA.
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With regard to these process impurities, the NISTmAb material has at or near
comparable levels expected for a regulatory submission. Therefore, although not
intended for clinical use, the material can serve as a representative material typical
of a purified drug substance.
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Appendix
Table 1. Acronyms

1-D 1-dimensional

2-AA 2-aminobenzoic acid

2-AB 2-aminobenzamide

2-D 2-dimensional

3-OH-Kyn 3-hydroxykynurenine

5-OH-Trp 5-hydroxyl-tryptophan

AAA amino acid analysis

AAPH 2,2′-azobis(2-amidinopropane) dihydrochloride

AARS aminoacyl-tRNA synthetases

ABS Athrobacter ureafaciens sialidase

ABTS 2,2′-azinobis[3-ethylbenzothiazoline-6-sulfonic acid]-diammonium
salt

ADA anti-drug antibodies

ADC antibody–drug conjugate

ADCC antibody-dependent cellular cytotoxicity

ADCC antibody-dependent, cell-mediated cytotoxicity

AFFFF asymmetric flow field-flow fractionation

APTS 9-aminopyrene-1,4,6-trisulfonic acid

Asu succinimide

ATR attenuated total reflection

ATR-FTIR attenuated total reflection-Fourier transform infrared

AUC area under the curve

AUC analytical ultracentrifugation

BCA bicinchoninic acid assay

BKF bovine kidney fucosidase

BLA Biologics License Application

bp base pairs

Continued on next page.
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Table 1. (Continued). Acronyms

BSA bovine serum albumin

BTG bovine testes β-galactosidase

C of A Certificate of Analysis

CaCl2 calcium chloride

CBG green coffee bean α-galactosidase

CCD charge-coupled device

CD circular dichroism

CDC complement-dependent cytotoxicity

cDNA complementary DNA

CDR complementarity-determining regions

CE capillary electrophoresis

CEX cation exchange

CEX cation exchange chromatography

CFG Consortium for Functional Glycomics

CG-MALS composition gradient-multi-angle light scattering

CH1 first constant domain of the heavy chain

CH2 second constant domains of the heavy chain

CH3 third constant domains of the heavy chain

CHO Chinese hamster ovary

CIC cross-interaction chromatography

CID collision-induced dissociation

cIEF capillary isoelectric focusing

CpB carboxypeptidase B

CpG cytosine-guanosine dinucleotide

CQA critical quality attribute

cSDS capillary sodium dodecylsulfate electrophoresis

cyno cynomolgus

CZE capillary zone electrophoresis

DAD diode array detector

DDA data-dependent acquisition

DHFR dihydrofolate reductase

DIA Data Independent Analysis

DIGE difference gel electrophoresis
Continued on next page.
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Table 1. (Continued). Acronyms

diH2O deionized water

DiOia dioxindolylalanine diastereomers

DLS dynamic light scattering

DMSO dimethylsulfoxide

DOE design of experiment

DPBS 14190-DPBS obtained from Life Technologies

DPBS Dulbecco’s phosphate-buffered saline

DSC differential scanning calorimetry

DSF differential scanning fluorimetry

DTT dithiothreitol

E. coli Escherichia coli

EDTA ethylenediaminetetraacetic acid

EI electron impact

EIC extracted ion chromatograms

EI-GC-MS electron impact-gas chromatography-mass spectrometry

ELISA enzyme-linked immunosorbent assay

ELSD evaporating light scattering detector

EMEA European Medicines Agency

ESI electrospray ionization

ESZ electrical sensing zone

ETD electron transfer dissociation

ETS error tolerant search

FA formic acid

FAB fast atom bombardment

FcRn neonatal Fc receptor

FDA Food and Drug Administration

FDA U.S. Food and Drug Administration

FFF field-flow fractionation

FI flow imaging

FLD fluorescence detection

FP fusion protein

FQ 3-(2-furoyl)quinoline-2-carboxaldehyde

FR fraction rate
Continued on next page.
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Table 1. (Continued). Acronyms

FRET fluorescence resonance energy transfer

FTICR Fourier transform ion cyclotron resonance

FTIR Fourier-transform infrared spectroscopy

FTIR Fourier transform infrared

FTN flow through needle

GlcNAc N-acetyl-glucosamine

GMP good manufacturing practice

GS glutamine synthetase

GU glucose unit

GUH Streptococcus pneumoniae hexosaminidase

H heavy

H heavy chain

HC heavy chain

HCD higher energy collision dissociation

HCD higher energy collisional dissociation

HCID higher energy collision-induced dissociation

HCl hydrochloric acid

HCP host cell protein

HDX hydrogen-deuterium exchange

HESI heated electrospray ionization source

hG-CSF human granulocyte colony stimulating factor

HIC hydrophobic interaction chromatography

HILIC hydrophilic interaction liquid chromatography

HMWS higher molecular weight species

HOS higher order structure

HPLC high-performance liquid chromatography

HPLC high-pressure liquid chromatography

HRP horseradish peroxidase

HRP II histidine-rich protein II

HsTIM homodimeric triosephosphate isomerase

HTP High Throughput

IAA iodoacetic acid

IAM iodoacetamide
Continued on next page.
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Table 1. (Continued). Acronyms

ICH International Conference on Harmonisation

ICIEF imaged capillary isoelectric focusing

ICP-MS inductively coupled plasma-mass spectrometry

ID interior diameter

IEC ion exchange chromatography

IEF isoelectric focusing

IEX ion exchange chromatography

IM-MS ion mobility mass spectrometry

IRMPD infrared multiphoton dissociation

iso-Asp iso-aspartic acid

IUPAC International Union of Pure and Applied Chemistry

KCN potassium cyanide

Kyn kynurenine

L light

L light chain

LC liquid chromatography

LC light chain

LC-MS liquid chromatography-mass spectrometry

LC-MS/MS liquid chromatography-tandem mass spectrometry

LC-UV-MS liquid chromatography-UV-mass spectrometry

LED light-emitting diode

LIF laser-induced fluorescence

LLOQ lower limit of quantitation

LO light obscuration

LS light scattering

LTQ linear trap quadrupole

Lys-C lysyl endopeptidase

mAb monoclonal antibody

MALDI matrix-assisted laser desorption ionization

MALDI-TOF matrix assisted laser desorption/ionization-time of flight

MALS multi-angle light scattering

MC methylcellulose

MCAE membrane-confined analytical electrophoresis
Continued on next page.

409

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

5,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

1.
ot

00
2

In State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study; Schiel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Table 1. (Continued). Acronyms

MCE microchip electrophoresis

MCE membrane-confined electrophoresis

MCE-SSE membrane-confined electrophoresis-steady-state electrophoresis

MCT mercury cadmium telluride

MPA mobile phase A

MPB mobile phase B

MRE mean residue ellipticity

MRM multiple reaction monitoring

MS mass spectrometry

MS/MS tandem mass spectrometry

MS2 tandem mass spectrometry

MSn sequential mass spectrometry

MSX methionine sulfoximine

MTX methotraxate

MW molecular weight

MWCO molecular weight cutoff

MWD multiple wavelength detector

NA not available

NaCNBH3 sodium cyanoborohydride

NaOH sodium hydroxide

NCE normalized collision energy

ND not detected

NEM N-ethylmaleimide

Neu5GC N-glycolylneuraminic acid

NFK N-formylkynurenine

NGH non-glycosylated heavy chain

NGS next-generation sequencing

NIBRT National Institute for Bioprocessing Research and Training

NIST National Institute of Standards and Technology

Nle norleucine

NMR nuclear magnetic resonance spectroscopy

NR nonreducing

NS0 Murine Myeloma
Continued on next page.
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Table 1. (Continued). Acronyms

NSI-MS MS nano-infusion mode

NTA nanoparticle tracking analysis

Nva norvaline

Oia oxindolylalanine diastereomomers

OP operational parameter

p/v peak-to-valley

PAGE polyacrylamide gel electrophoresis

PBS phosphate-buffered saline

PCQA potential critical quality attribute

PCR polymerase chain reaction

PCS photon correlation spectroscopy

Pd polydispersity

PDA photodiode array

PENNYK
peptide GFYPSDIAVEWESNGQPENNYK

pI isoelectric point

PIMT protein L-isoaspartyl methyltransferace

PNGase F peptide N-glycosidase F

poly IgG polyclonal IgG

PPG 2700 poly(propylene glycol) 2700

pQ pyroglutamic acid

pre-mRNA primary transcript messenger RNA

PRI process-related impurity

PSL polystyrene latex

PTM post-translational modification

pyro-Glu N-terminal pyroglutamate

QbD quality by design

QC quality control

QELS quasi-elastic light scattering

qPCR quantitative polymerase chain reaction

QTOF quadrupole time-of-flight

qTOF quantitative time-of-flight

R correlation coefficient

Continued on next page.
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Table 1. (Continued). Acronyms

R reducing

RA relative abundance

RM reference material

RMM resonance mass measurement

RMSD root-mean-square deviation

RP reversed phase

RP-HPLC reversed-phase-high-performance liquid chromatography

RPM revolutions per minute

RSD relative standard deviation

S/N signal to noise

scFc single chain Fc

SD standard deviation

SDS Sequence Detection System

SDS sodium dodecyl sulfate

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis

SE-AUC sedimentation equilibrium-analytical ultracentrifugation

SEC size exclusion chromatography

SEC-MALS size exclusion chromatography-multi-angle light scattering

SIC self-interaction chromatography

SINE short interspersed repetitive elements

SLS static light scattering

SNP single-nucleotide polymorphism

SOP standard operating procedure

SRDP size-related degradation product

Sv svedberg unit

SV sequence variant

SVA sequence variant analysis

SV-AUC sedimentation velocity-analytical ultracentrifugation

TAMRA.SE 5-carboxytetra-methylrhodamine succinimidyl ester

t-BHP tert-butyl hydroperoxide

TCEP tris(2-carboxyethyl)phosphine

TETA triethylenetetramine

TFA trifluoroacetic acid
Continued on next page.
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Table 1. (Continued). Acronyms

TMB 3,3′,5,5′-tetramethylbenzidine

TOF time-of-flight

TPP target product profile

TRamp temperature ramp

Tris tris(hydroxymethyl)aminomethane

Tris tris(hydroxymethyl)aminomethane/tris(hydrox-
ymethyl)aminomethane HCl

tRNA transfer RNA

TUV tunable ultraviolet

UHPLC ultrahigh-pressure liquid chromatography

UHPLC ultra-high-performance liquid chromatography

UHR-ESI-
QTOF MS

ultrahigh-resolution-electrospray ionization-quadrupole time-of-flight
mass spectrometry

UPLC ultra performance liquid chromatography

USP United States Pharmacopeia

VH variable heavy

VWD variable wavelength detector

WAX weak anion exchange

WHO World Health Organization

XIC extracted ion chromatogram
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