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Abstract Existing HPLC methods can provide detailed
structure and isomeric information, but are often slow and
require large initial sample sizes. In this study, a previously
established two-dimensional HPLC technique was adapted
to a two-step identification method for smaller sample
sizes. After cleavage from proteins, purification, and
fluorescent labeling, glycans were analyzed on a 2-mm
reverse phase HPLC column on a conventional HPLC and
spotted onto a MALDI-TOF MS plate using an automated
plate spotter to determine molecular weights. A direct
correlation was found for 25 neutral oligosaccharides
between the 2-mm Shim-Pack VP-ODS HPLC column
(Shimadzu) and the 6-mm CLC-ODS column (Shimadzu)
of the standard two- and three-dimensional methods. The
increased throughput adaptations allowed a 100-fold reduc-
tion in required amounts of starting protein. The entire
process can be carried out in 2-3 days for a large number of
samples as compared to 1-2 weeks per sample for previous
two-dimensional HPLC methods. The modified method
was verified by identifying N-glycan structures, including
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specifying two different galactosylated positional isomers,
of an IgG antibody from human sera samples. Analysis of
tissue plasminogen activator (t-PA) from CHO cell cultures
under varying culture conditions illustrated how the method
can identify changes in oligosaccharide structure in the
presence of different media environments. Raising glutamine
concentrations or adding ammonia directly to the culture led
to decreased galactosylation, while substituting Gluta-
MAX™.], a dipeptide of L-alanine and L-glutamine, resulted
in structures with more galactosylation. This modified system
will enable glycoprofiling of smaller glycoprotein samples in
a shorter time period and allow a more rapid evaluation of the
effects of culture conditions on expressed protein glycosylation.

Keywords N-glycan analysis - HPLC - Mass spectrometry -
Media - Antibody - Cell culture - pH

Introduction

Secreted proteins often undergo post-translational modifica-
tions including the addition of oligosaccharides (glycosyla-
tion) to the protein backbone. As the number of commercial
glycoproteins used as biotherapeutics increases, efforts to
understand and control posttranslational modifications includ-
ing glycosylation will continue to increase [1]. The value of a
recombinant protein is highly dependent on the oligosaccha-
ride pattern that is obtained from the cell producing that
glycoprotein. The presence or absence of sugars such as
galactose can play a large role in altering the circulatory
activity of certain biotherapeutics [2]. The ever increasing
requirement for consistency in biotherapeutics will result in
the need to verify the details of branching and sugar linkage
types of glycans rapidly for these important glycoproteins.
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The N-linked glycosylation process begins in the endo-
plasmic reticulum (ER) with the addition of the Glucose;
MannosegN-acetylglucosamine, (GlcsMangGIcNAc,) oligo-
saccharide onto the asparagine (Asn) residue in the consen-
sus sequence of Asn-X-Thr/Ser. As the glycosylated protein
(glycoprotein) traverses the ER and moves into the Golgi
network, the glucose (Glc) and mannose (Man) residues are
trimmed followed by rebuilding with the addition of more V-
acetylglucosamine (GIcNAc), galactose (Gal), fucose (Fuc),
and sialic acid (SA) by means of multiple glycosyltrans-
ferases [3]. The variability of how each molecule of a species
of glycoprotein is digested and subsequently reconstructed
results in a heterogeneous population of glycostructures even
for one species of glycoprotein [4, 5]. The nature of the
glycan structure can be important to the stability, solubility,
intracellular localization, bioactivity, and in vivo clearance
rate of the glycoproteins [6-9].

A number of methods have been developed for the
detailed analysis of the profile of glycan structures on a
species of glycoprotein. Two of the major techniques
include high performance liquid chromatography (HPLC)
and mass spectrometry (MS). The quantity of a sample
glycoprotein required for glycan analysis depends on many
factors such as complexity of glycan structure, degree of
structural details needed, numbers of glycans per protein
molecule, molecular weight, and sensitivity of detection. As
new technologies such as tandem mass spectrometry and
nano-HPLC have been developed, structural analysis of N-
glycans has become possible with micrograms or less of a
glycoprotein [10]. However, samples have to be ultra
pure, operation often requires highly trained personnel,
and mass spectrometers are orders of magnitude more
expensive than HPLC systems. When using Matrix-
assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF MS), negatively charged
glycans cannot be analyzed with the same mode that
neutral glycans are best analyzed. In addition, quantifi-
cation of glycan levels can be difficult. Finally, tradi-
tional mass spectrometry such as MALDI-TOF, and even
the more expensive and complex forms such as tandem
MS/MS, cannot determine isometric branching of gly-
cans easily [11]. Recently only some of the newest high-
end mass spectrometers, often unavailable to lower-end
users, are able to fractionate the glycans enough to
produce large amounts of data required to differentiate
isomers and determine branching structures [12].

On the other hand, a complete analysis of glycan
structure using well-established columns operated on a
conventional HPLC, such as reverse (ODS silica) and
normal phase (amide-silica), have generally required a
milligram or more of a glycoprotein as a starting material.
However, a relatively low cost for the equipment, a
capacity to differentiate isomers of glycans conveniently

@ Springer

by running samples through reversed and normal phase
columns [13], and an ability to analyze relatively impure
samples support the continued use of conventional HPLCs
for glycan analysis. Further, conventional HPLCs are
available in a large number of laboratories and
institutions. Finally, typical LC/MS methods have required
multiple dimensions, complex forms, and detailed analysis of
mass spectrometry to determine complete structures including
branching isomers [12, 14, 15]. This includes methods for
oligosaccharides, glycopeptides [16], and glycolipds [17, 18].

Given the limitations and advantages of the different
methods, the current study was directed at determining if an
improved methodology could be obtained by combining
one column from an HPLC method and its established
literature elution data [13] together with automated sample
spotting onto plates for conventional MALDI-MS analysis.
This technique would potentially reduce sample size and, to
some extent, lengthy processing requirements of the
traditional two-dimensional HPLC methods while permit-
ting a more quantitative evaluation of glycans between
samples than is typically available for MS analysis. These
modifications to the traditional 2- and 3-dimensional HPLC
technology would allow analysis of more samples in
parallel over only two to three days starting with as little
as one hundred micrograms of protein.

Many factors can influence the distribution of structure
types in a glycan profile. The collection of structures in a
glycosylation profile is not limited to the intracellular
enzyme concentrations and the kinetics of association
between the enzyme and the substrate [5, 19]. The
components and conditions of the medium can have a
significant impact on the glycosylation profile as well. The
modified method described here can be used to examine in
parallel many conditions that affect glycan structure while
maintaining isometric branching analysis. Different initial
media can affect the glycosylation profile by altering the
concentration of sugar-nucleotide precursor concentrations
[20] or by altering the activity of the glycosyltransferases
by changing the pH of the subcellular compartments [21].
In addition, the changing conditions of the medium itself
over the course of the cell culture process can have a
significant impact on the glycosylation profile as well [22].
An improved HPLC glycan analysis method would be
useful for screening the effects of multiple media conditions
simultaneously on glycan processing.

One factor in the medium that can have a significant
impact on the glycosylation profile produced by animal
cells is the levels of ammonia and ammoniagenic metabo-
lites such as glutamine. The accumulation of ammonia has
been shown to have a significant negative impact on the
complexity of glycan structure including galactosylation
and sialic acid level of N-glycans. Medium ammonia and
glucosamine are incorporated into the glycan structures [23,
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24] when free ammonia is used to aminate fructose-6-
phosphate (from free glucose) in the formation of UDP-
hexosamines [25]. The increased metabolites can reduce the
branching of glycans in recombinant human erythropoietin
[26]. Other experiments showed reduced tetraantennary
structures with proportional increase of tri- and di-antennary
structures as ammonia levels increased [27, 28]. By
altering intracellular pH, ammoniagenic metabolites alter
sugar-nucleotide precursor pools [29], negatively affect
glycosylational enzymatic activities [30], and change
localization of lysozomal degradation enzymes [31].

The impact on glycosylational complexity that comes from
the use of ammoniagenic amino acids suggests the need for
alternative substrates which could potentially minimize the
accumulation of ammonia. Lack of glutamine, a traditional
medium additive, causes low viability, while excess glutamine
spontaneously degrades to form ammonia and glutamic acid,
causing an increase in pH and potential negative affects on the
glycosylation profile. A balance between maintaining culture
viability and high glycosylation complexity is desired [32].
Simply increasing the pH of the culture alone has been shown
to decrease the galactosylation of glycoproteins to indicate
that control over the glutamine precursor is important [33].

A potential alternative to maintain the essential elements
of glutamine as an energy and amino acid source without
the negative affects of ammonia accumulation is the use of
a dipeptide in place of glutamine. One such dipeptide is a
non-ammoniagenic additive of alanyl-glutamine (Ala-Gln),
available as GlutaMAX™.-] from Invitrogen that does not
degrade spontancously like glutamine in culture to form
ammonia as a by-product. As the cell secretes extracellular
peptidases, the enzymes cleave the dipeptide and provide the
medium with necessary glutamine for metabolism. In this
way, the Ala-GIn dipeptide provides the positive attributes of
glutamine availability without increasing the ammonia con-
centration from spontaneous degradation and its inherent
negative impact on glycosylation. Cultures utilizing the Ala-
Gln dipeptide exhibit equal growth rates and protein produc-
tion [34-36]. In addition to developing a new analytical
technique for glycan analysis, the combined HPLC-MS
methodology has been utilized to examine the effects of
excess ammonia and to compare the effects of using the Ala-
Gln dipeptide (GlutaMAX™-]) versus a traditional gluta-
mine feeding on the glycosylation profile of a target model
protein, a recombinant tissue plasminogen activator (t-PA).

Materials and methods

Cell culture stock maintenance

A Chinese Hamster Ovary cell line expressing tissue plasmin-
ogen activator (t-PA) was obtained from ATCC. The cell line,

CHO-15 t-PA (CRL-9606), was adapted from medium
supplemented with 10% FBS to a CD OptiCHO™ base
medium (CD OptiCHO™ Medium, 50 mg/L Gentamicin, and
10uM Methotrexate), and cells were grown in the same
medium supplemented with either 4 mM GlutaMAX™-[ (CD
OptiCHO™-4X) or 4 mM L-glutamine (CD OptiCHO™-4Q)).
Cultures were passaged at 2x 10° viable cells/mL (ve/mL) on
a 3-day/4-day schedule. Cultures were grown in a 37°C
humidified incubator with 8% CO, while being agitated at
~115 rpm in a shake flask.

Media test conditions

The CD OptiCHO™-4X stock culture was used to seed
CD OptiCHO™ base medium cultures containing 8 mM
GlutaMAX™-] (CD OptiCHO™-8X) and 4 mM
GlutaMAX™-[ with 30 mM ammonium chloride (CD
OptiCHO™-4X30A). The CD OptiCHO™-4Q stock cul-
ture was used to seed a CD OptiCHO™ base medium
culture containing 8§ mM L-glutamine (CD OptiCHO™-
8Q). Each condition was seeded at 2x10° ve/mL in
quintuplicate 200 mL cultures (1 L shake flasks) and grown
as mentioned above.

Growth performance assay and harvest

Cultures were grown for 8 days. Viable cell densities were
determined using a Coulter Vi-Cell (Coulter Beckmann).
On day 8, the quintuplicate cultures of each condition were
pooled and centrifuged at 200 g for 15 min. Supernatants
were divided into 400 mL fractions, Tween-80 (Calbio-
chem) was added to 0.01%, and the supernatants were
frozen at —80°C.

Tissue Plasminogen Activator (t-PA) purification

t-PA was purified using a slight modification of a
previously published procedure [37]. Briefly, samples of
supernatant were thawed in a 37°C waterbath, filtered
through a 0.45pum membrane, and loaded onto a packed,
pre-equilibrated Lysine Hyper D (Pall) column using
an AKTA FPLC (GE Healthcare). Contaminants were
removed by a salt wash and the t-PA was eluted with a
500 mM L-arginine buffer, collecting 1 mL fractions.
Fractions containing t-PA were pooled and stored at —80°C.

t-PA analysis

Protein concentration in the fractions was determined using
a Bio-Rad Protein Assay kit (Bio-Rad). Protein size and
purity were determined using SDS-PAGE analysis. Briefly,
samples and CandyCane™ glycoprotein molecular weight
standards (Invitrogen) were separated on a Novex Precast
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4-20% gradient Tris-Glycine SDS gel for 140 min at 125
volts. The gel was stained overnight with Simply Blue™
Safe Stain.

Lysosomal staining

The acidity of lysosomes and other organelles was
investigated using LysoSensor™ Yellow/Blue DND-160
probes following the manufacturer’s protocol (Invitrogen).
Briefly, the LysoSensor probe was diluted to 1 uM in 37°C
pre-warmed medium. Cells were centrifuged at maximum
speed for 2 min in a microfuge and the cell pellet was
resuspended in the pre-warmed diluted LysoSensor probe and
incubated at 37°C for 2 min. Stained cells were placed on
microscope slides, covered with coverslips, and visualized
using a fluorescent microscope with a FITC filter. Images
were captured using Spot v4.0.4 software (Diagnostics
Instruments, Inc.).

Supplies for modified glycan analysis

PNGaseF and accompanying buffers (New England Biolabs),
ethanol (Sigma-Aldrich), butanol (Sigma), 25 mg graphitized
carbon cartridge (Alltech), acetonitrile (Fisher), trifluoroacetic
acid (Sigma), 2-aminopyridine [(Aldrich), recrystalized in
house], acetic acid (JT Baker), borane-dimethylamine com-
plex (Fluka), microcrystalline cellulose, Sigmacell type 50
(50 um) powder (Sigma), hydrochloric acid (Sigma), ammo-
nium formate (Sigma), ammonium hydroxide (JT Baker), 2,5
dihydroxybenzoic acid (Sigma), ammonium phosphate mono-
basic (Sigma), sodium chloride (JT Baker), Poly-Prep
chromatography columns (Bio-Rad), human apo-transferrin
(Sigma), human immunoglobulin G (IgG) from serum
(Sigma), ribonuclease B from bovine pancreas (Sigma),
human «;-acid glycoprotein (Sigma), and fetuin from fetal
calf serum (Sigma).

Modified glycan analysis methodology

A process flow chart for the modified method is shown in
Fig. 1. Typically, a glycoprotein of interest is used on the
order of 100 ug of protein in order to yield tens of nanomoles
of glycan for subsequent HPLC and MS analysis. The protein
sample need not be absolutely pure as long as the
glycoprotein of interest is the only glycoprotein in the
mixture. Glycoprotein purity can be verified by a glyco
detection assay kit such as Pro-Q® Emerald 300 Glycoprotein
Gel and Blot Stain Kit (Invitrogen). All glycans from the
protein backbone are released in the first step of sample
preparation as follows. The glycoprotein is dissolved in water
(1 mg/mL), mixed with the denaturing buffer (New England
Biolabs), and denatured according to the manufacturer’s
protocol. To the mixture, 1 NEB unit of PNGaseF was added
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Fig. 1 Flow Chart representation of modified glycan analysis method
including a chart representation of glycan purification and labeling
scheme

per nanomole of glycan and incubated for 7-8 h with hourly
vortexing to release N-glycans. After terminating the reaction
by boiling for 10 min at 100°C, the proteins are precipitated
from the mixture using cold ethanol at 4°C overnight. The
supernatant containing the released glycans is collected after
centrifugation, dried on Speed Vac, and resuspended in 50l
water. Glycans are purified from remaining proteins, salts,
and amino acids using a 25 mg graphitized carbon cartridge
according to the previously reported method [38]. The
glycans are derivatized with 2-aminopyridine by the Kondo
method [39] and the derivatized glycans are purified on a
column of microcrystalline cellulose. Briefly, the derivatized
glycans are loaded onto a column of Sigmacell type 50
(50 pum) (400uL) pre-equilibrated with a mixture of BuOH,
EtOH, and water (4:1:1, v/v). The column is washed with 24
bed volumes of the same solvent and the bound PA-glycans
are eluted with three bed volumes of water and dried on a
Speed Vac. Sialic acids were removed by treating the sample
in 10-20 mM HCI (pH~2.0) at 80°C for 1 h, followed by
drying and reconstitution in 50 pul water. The glycan sample is
run alongside an IgG glycan mixture and isomaltose oligomer
standard on a 2 mm Shimadzu VP-ODS HPLC column with
running buffers A: 10 mM ammonium formate pH 4.0 and B:
10 mM ammonium formate, pH 4.0 containing 0.5%
1-BuOH, from 5% to 70% B over 80 min with 20 min
equilibration between. The eluant from the column is then
spotted on-line onto MADLI-TOF MS plates every 1 min
with a matrix solution of 5 mg/mL DHB [40], sodium
chloride (10 mM), ammonium phosphate monobasic (10 mM)
[41] in 50/50 water/ethanol [42] using a microfraction
collector/plate spotter such as the Dionex Probot'™. The
plate is then subjected to MALDI-TOF MS analysis. HPLC
elution times from the reverse phase column are converted
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into Glucose Units (GU) using the isomaltose oligomer
standard. Glucose units and mass ratios from the MALDI-
TOF MS are used as two dimensional data to plot out
detailed structural information and compared with literature
data published at www.glycoanalysis.info or [13].

Results

Design of modified HPLC-MALDI MS glycan analysis
method

A modified method (Fig. 1) has been developed based on
an established HPLC multidimensional mapping protocol
involving sequential HPLC runs [13]. It uses a combination
of reverse phase HPLC and MALDI-TOF MS with
automated, on-line sample spotting on a target plate. The
method allows a significant scale down in terms of quantity
of a glycoprotein required for structural analysis by using a
narrower HPLC column and modified sample preparation.
The method would be most suitable for those who have
easy access to a conventional HPLC and a MALDI-TOF
MS instrument. In this scheme, PA-oligosaccharides are
first separated on an ODS-silica reverse phase HPLC
column. The dilution of the sample in the traditional
method’s 6 mm column can be reduced by substituting a
2 mm column which allows for detection of the smaller
glycan sample on the same HPLC system. With the
previous HPLC method, every peak emerging from the
ODS column would be collected, concentrated, and run on
another type of HPLC column, expanding the number of
samples up to 10 fold. Alternatively, each peak can be
directly subjected to MS analysis.

To minimize the time required for sample collection and
dry-up of fractions on a reverse phase column, an
automated plate spotter was used in order to collect peaks
directly onto MALDI plates. The spotter used in this study
can be programmed independent of the HPLC system to
collect peaks every minute, eliminating the cost of
specialized HPLC-Plate spotter interaction software. The
samples are then analyzed on a MALDI-TOF MS to
provide the second dimension of data. In order to specify
and standardize the specific peaks, elution times are
determined in terms of a glucose oligomer standard. A
two dimensional data set comprised of the elution data from
the reverse phase column (GU values) and molecular
weight determined by MS are then compared with a
literature library to identify the glycan structure [43—-46].

Comparison of small diameter and large diameter columns

Multiple 2-mm HPLC ODS columns were compared using
an IgG glycan mixture created from purified IgG protein

from Sigma to determine the optimal column which could
scale down but still separate positional isomers as effec-
tively as the 6-mm Shimadzu CLC-ODS column used in
the established method. Several columns from different
manufacturers were chosen based on their capacity factors
to evaluate columns with similar or different packing
material compared to the traditional 6-mm Shimadzu
column. In choosing a column for the new method, focus
was put on the column’s ability to separate two positional
isomers of glycans present in IgG glycans, which have a
terminal galactose on a different branch with the same
linkage (31-4). The separation of these two isomers
represents an ideal test for evaluating how well isomers
can be separated on an HPLC column. The elution profiles
of IgG glycans on the different reverse phase columns are
shown in Fig. 2. Human IgG glycans consist of the three
major groups of glycans shown in Table 1. Each of the
groups shown in Table 1 contains a core structure with two
GlcNAc and three Man residues, and two extending
GlcNAc residues attached to the «l-6 or the ol-3
Mannose. Later eluting glycans in each group also contain
a terminal galactose on the al-6Man branch, «1-3Man
branch, or both, in this order. Group I, eluting between 18.5
and 25 min, contains the core structure and additional
galactoses. Group II, eluting between 30 and 35 min,
contains only an addition of a core fucose and is the set of
major structures for human IgG. The core structure of
Group III oligosaccharides, which elute between 47 and
56.5 min on the 6-mm Shimadzu column, are fucosylated
and contain a bisecting GIcNAc in addition to galactose
residues at different positions. Within Group II are the
positional isomers of galactose on the «l-6Man branch
(IL.2) and «1-3Man branch (II.3) (circled in Fig. 2) used to
specify the optimal 2-mm column based on the ability to
differentiate these two structures. While the Waters Symme-
try C18 column was not able to retain glycans sufficiently
under current buffer conditions, the Phenomenex Luna
column showed acceptable elution with non-ideal separation
using the same buffer conditions as the traditional 6 mm
method. The 2-mm Shimadzu VP-ODS column showed the
best separation of the positional isomers (Fig. 2). It should be
possible to optimize buffer conditions in order to improve
the retention and separation of glycans on the Symmetry and
Luna columns but the approach was not necessary for this
technique with an effective column in hand. All structures
were confirmed by literature comparison and a second phase
HPLC (data not shown).

Correlation of 2-mm ODS column elutions to 6-mm ODS
column elutions

With a smaller diameter column that separated IgG glycan
mixtures as efficiently as the literature 6-mm column, a
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Fig. 2 HPLC ODS Column
Effectiveness Comparison.
Three 2 mm HPLC ODS 601
columns were used to compare
elution profiles of an IgG
oligosaccharide to a standard
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library of glycans was created and analyzed on both 2-mm
and 6-mm Shimadzu ODS columns (Table 2). This library
contained a wide range of common types of non-
sialylated glycans to determine if the elution properties
from a 2-mm Shimadzu column could be transferred
directly and used in conjunction with literature library
information obtained using elution positions from a
6-mm Shimadzu column [13]. Neutral glycans were
obtained from five major glycoproteins acquired from
Sigma. Twenty structures were determined explicitly
(Table 2) and five more were determined to be highly
branched tri- or tetra-antennary glycans whose structure
were not determined. Oligomannose-type oligosaccha-
rides (M5-M9) controls were obtained from Ribonucle-
ase B of bovine pancreas; di-antennary structures with
variations of terminal galactose, core fucosylation, and
bisecting GIcNAc were obtained from human immuno-
globulin g (IgG) of serum [47] and human apo-
transferrin; tri-antennary samples were collected from
fetuin of fetal calf serum [48]; and tetra-antennary glycans
were made from o -acid glycoprotein (AGP) of human
plasma [49]. The retention time for the samples through
both columns on the HPLC was converted into Glucose
Units (GU) using isomaltose oligomers run alongside the
samples. The average difference between the two columns
in glucose units of each library glycan was shown to be
0.01£0.2 (Table 2). Shown in Fig. 3 is the correlation
between the 2-mm and 6-mm column elution positions.
The 2-mm and 6-mm column elution data correlated
directly with a correlation coefficient of 1.000. It is then
assumed that elution positions of all non-tested neutral
structures are similarly correlated between columns within
the standard deviation of GU differences. Thus, identifi-
cation of structures from the 2-mm Shimadzu column can
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be directly obtained from reference standards compiled
previously using the 6-mm Shimadzu column.

Analysis of IgG glycans using HPLC and MS

The new method was used to analyze the major glycans of
a human IgG antibody sample which is well documented
[47]. For this purpose, an IgG glycan sample used to
determine the appropriate column choice was prepared
using the modified method and subjected to the combined
one dimensional HPLC and MALDI-TOF MS analysis.
Shown in Fig. 4a is the elution profile of the glycans from
the IgG sample described previously in Fig. 2 and Table 1.
In Fig. 4b, the mass spectra resulting from the four major
peaks are shown. Expected mass values based on their
known structures including the fluorescent 2-aminopyridine
tag are also listed. The method allowed a quick determina-
tion of a composition of the four major glycans attached to
human IgG using mass spectrometry (Table 3). However,
smaller peaks from HPLC did not provide sufficient sample
to generate a detectable peak in the fractions provided to
the MALDI-MS. Most significantly, this combined HPLC-
MALDI MS method was able to differentiate between
branching isomers including terminal galactosylation rep-
resented by peaks 2 and 3 in Fig. 4a.

Modified method analysis of major glycan profiles
for proteins affected by Media Additives

In order to test the method on another protein sample,
recombinant human tissue plasminogen activator (rt-PA)
was expressed in CHO cells. Glycan structures for t-PA are
also well documented so structure results could be
compared with those found in the literature [50-52]. One
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Table 1 Structures and elution times of hIgG major glycans. (.,
GIcNAc; O, mannose; O, galactose; A, fucose)

Structure Structure Elution
Group Number Time (min)
B2 6

1 PA 18.5
) (K]
2 21
I
p2 6
3 PA 23
2 3
B2 6
4 PA 25
2 w3
p2 6 6
1 PA 30
v [(X]
p2 a6
11 2 PA 32
2 (k]
p2 6 ub
3 PA 33
2 a3
4 WE2 6 a6
4 PA 35
2 (k]
B2 6 [
1 PA 47
2 51
11T
3 52
4 56.5

of the ways in which a culture medium can change is the
accumulation of ammonia. In order to examine if any effect
of ammonia on the glycan profile could be elucidated with
the new method, CHO cells producing t-PA were exposed to
different media additives that may potentially alter ammonia
levels. Culture media were treated with either 4 mM or 8§ mM
glutamine (abbreviated 4Q and 8Q, respectively), which
represent normal additives used in many culture techniques.
Alternatively, two other culture samples were treated with the
glutamine substitute GlutaMAX ™1, a dipeptide additive of
alanyl-glutamine (Ala-Gln), in concentrations of 4 mM and
8 mM (abbreviated 4X and 8X, respectively). A direct
culture addition of 30 mM ammonium chloride to a 4 mM
GlutaMAX ™I culture (A) was included to represent cells
exposed to high levels of the by-product of glutamine
metabolism.

Before glycans were analyzed, the CHO cells were
grown for 8 days. At the end of the culture period, t-PA was
purified using established techniques [37]. The purified
protein samples were examined by SDS-PAGE, staining
with Coomassie and Glycoprotein stain as shown in Fig. 5.
Both the expressed t-PA and a sample of a clinical t-PA (not
shown) showed the same molecular weight. The only
glycosylated protein appearing in the purified sample is the
band corresponding to t-PA as indicated by a stain with ProQ
Emerald 300 glycoprotein stain.

These protein samples were then subjected to the new
glycan analysis method using the 2-mm ODS Shimadzu
HPLC column. Glycans were de-sialylated in one reaction
step creating a sample of neutral core structures in order to
do a quick comparison of glycan profiles rather than full
structural analysis. Shown in Fig. 6 are the HPLC plots for
the different culture media additives normalized by the total
peak area along with the major peaks labeled A—K. The two
major peaks provided sufficient sample size for MALDI
analysis as shown in Fig. 6d. The size and structure of the
glycans identified by MALDI are consistent with the
predicted PA-labeled species from t-PA and can be found
in Fig. 6d and Table 4. The structures of the glycans from
many of the remaining peaks can be estimated by
combining their elution positions, expected glycan struc-
tures from t-PA, and relations to other positively identified
peaks. The peaks were also collected and run on the
traditional second dimension of HPLC for verification
(Table 5).

The levels of the major glycans in the different media
formulations were compared using this modified method.
The results from this comparison for some of the major
galactosylated glycans are summarized in Table 4. The total
percentage of fully galactosylated structures represented
between 43 and 46% of total glycans for the traditional
glutamine-fed cultures. These include di-antennary and tri-
antennary structures with a core fucose on some structures.
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Table 2 Structures and eclution

positions of 6 mm versus 2 mm Source Structure 6mm Elution (GU) 2mm Elution (GU) Difference
Shimadzu columns; abbrevia-
tions from Tomiya N, et. al., RNAseB M5.1 6.9 6.7 0.20
Anal Biochem, (1988) [13] M6.1 6.0 6.1 —0.10
M7.2 53 5.6 —-0.30
M7.1 5.8 5.9 —-0.10
M7.7 6.5 6.4 0.10
M8.1 52 5.5 —-0.30
M9.1 5.4 5.7 —-0.30
hlgG 210.1 12.4 12.4 0.00
210.2 13.1 13.1 0.00
210.3 13.4 13.4 0.00
210.4 14.1 14.1 0.00
211.1 17.4 17.4 0.00
211.2 18.7 18.7 0.00
211.3 19.0 19.3 —-0.30
211.4 20.4 20.5 —-0.10
hApo Transferrin 200.11 7.2 7.5 —-0.30
200.4 10.6 10.8 —-0.20
Fetuin 400.15 9.5 9.4 0.10
300.22 133 13.0 0.30
n/d 13.9 13.5 0.40
n/d 10.0 9.9 0.10
n/d 13.8 13.5 0.30
AGP 400.22 11.1 11.0 0.10
n/d 13.2 13.0 0.20
n/d 8.0 8.0 0.00
Average —0.01
S.D. 0.20
The percentage of each of the three galactosylated species
characterized in Table 4 was reduced in the culture fed with
ammonia as compared to all others cultures. For instance,
o5 the total percentage of fully galactosylated structures for
ammonia addition resulted in a 15% reduction from the
=) 4 mM glutamine sample with an 11% reduction of peak
S 20 L. .
- G level alone. A similar reduced galactosylation level
£ was seen in the fucosylated tri-antennary galactosylated
8 15 structures of peak K. Further, another trend is also
3 evident when comparing the media containing glutamine
2 10 - and GlutaMAX™-I. At both 4 mM (4Q versus 4X) and
.E 8 mM (8Q versus 8X), the levels of all but one fully
) galactosylated structure were elevated when glutamine
E 57 was replaced with GlutaMAX™-1. Overall, the fully
N galactosylated structures were increased by 10% or more
0 . . . , when using GlutaMAX"™\-T as opposed to glutamine.
0 5 10 15 20 25

6mm Shimadzu Column (GU)

Fig. 3 Correlation of 25 neutral glycan structures analyzed on 6-mm
and 2-mm HPLC ODS columns show literature library of elution data
can be used directly with 2-mm column. The correlation coefficient of
the 25 structures was 1.000

@ Springer

Examining lysosomal pH using an acidic sensitive indicator

In order to understand how the different media compo-
nents may affect cell physiology, cells exposed to the
different additives were treated with a fluorescent
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Fig. 4 Analysis of major a 250
hlgG glycan 2 mm column
profile (a) and corresponding
mass spectrometry data (b)
using modified method for four 2001
major N-glycans
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Table 3 Structure and percent of major glycans of antibody sample
analyzed by HPLC/MS method

Peak Major structure (Tablel) %
1 1.1 21

2 1.2 19
3 1.3 12
4 1.4 21
Fully galactosylated core structures total sum 29

indicator, LysoSensor ™, and examined for relative
fluorescence between samples. The LysoSensor'™ pro-
vides a relative measure of the cellular pH under different
culture conditions in which the higher the fluorescence,
the more acidic the labeled lysosomes. The LysoSensor'™
images taken of samples from 8 day cultures treated with
4 mM GlutaMAX™-I, 4 mM glutamine, and 30 mM
ammonia are presented in Fig. 7a. Shown in Fig. 7b are
the relative mean cellular fluorescence intensities of the
images. Cells with added ammonia had the lowest
fluorescence as to be expected as this represents the
highest intracellular pH. In contrast, cells treated with
GlutaMAX™.I had a higher relative fluorescence and
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1 2 345 6 7 8

Fig. 5 Coomassie (lanes 1-4) and Pro-Q® Emerald 300 Glycoprotein
stain (lanes 5-8) of rt-Pa produced by CHO cells cultured under
various conditions. Lanes 1 and 5 CandyCane™ glycoprotein
molecular weight standards, Lanes 2 and 6 ammonium treated, Lanes
3 and 7 4 mM GlutaMAX™-I treated, and Lanes 4 and 8 4 mM
glutamine treated CHO cultures producing t-PA

thus a lower intracellular pH relative to both glutamine
and ammonia supplementation.

Discussion

A new glycan analysis method has been developed which
takes advantage of the widely used reverse phase ODS
HPLC method for identifying, quantifying, differentiating,
and determining structural isomers [13] but utilizes less
sample through a narrower column and modified prepara-
tion protocol. Furthermore, the approach can be coupled to
mass spectrometry as opposed to a second column for
structural confirmation. With the reduction in number of
required columns, sample analysis is reduced from 20 plus
column runs per sample to only one per sample. Sample
preparation time was reduced from weeks required by many
standard-size chromatography steps down to full prepara-
tion in 2 days running samples in parallel. By reducing the
column size and number, sample dilution was limited. This
is accomplished with traditional HPLC equipment and it is
not necessary to acquire additional equipment for this
method provided a MALDI-TOF MS instrument is avail-
able. The smaller 2-mm Shimadzu column provided highly
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Fig. 6 Normalized comparison of 5 treatment samples. (a)
4 mM GlutaMAX™-I versus 4 mM glutamine treatment, (b) 8 mM
GlutaMAX™-1 versus 8 mM glutamine treatment, (¢) 4 mM
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GlutaMAX ™. plus 30 mM Ammonium chloride. All samples were
normalized together by total area from 7-55 min. Peaks G and K
verified by MALDI-TOF MS (d)
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Table 4 Galactosylated major structures identified by HPLC/MS Method. (., GlcNAc; O, mannose; O, galactose; A, fucose)

. Percentage of Structures
Peak Major Structure X 10 8X 8Q A
G 34 27 29 25 16
K 17 11 16 11 10
Total sum of percentage of structures for
fully Galactosylated Di- and Tri-antennary | 59 46 53 43 31
glycans (Includes Peak C)

Relative compositions of glycan profile samples of major structures along with specific structural isometric information. The peak area percents
allow a measure of relative amounts of glycan structures between profiles rather than using peak height alone

reproducible results compared with the 6-mm column data
which is advantageous as it allows utilization of numerous
glycan structures available in many literature sources [13,
46]. However, there is room for further improvement of the
method by switching traditional HPLC equipment to nano-
or capillary HPLC fed to the plate spotter. The literature
library could still be used for structure identification after a
correlation coefficient is obtained for the nano or capillary
column. This could lead to a further reduction of necessary
starting sample or, by loading the same amount of sample
to the HPLC, an increase in sample available for mass
spectrometry detection on the MALDI spots. One of the
limitations in the revised method was the ability to obtain
sufficient spotted sample for MALDI due to the dilution of
the sample flowing through the HPLC system and a flow
splitter before the plate spotter. Many of the major peaks in
Table 5 would probably be identifiable using the same
MALDI MS by doubling the initial sample size of the
glycoprotein. This would still be much less than the
traditional sample requirement. Alternatively, a more
sensitive MALDI-TOF MS can be used in conjunction
with sample sizes used here. The method could also be
modified to analyze sialylated glycans by verifying the
correlation of charged structures from 6-mm to the same
2-mm column and analyzing negatively charged glycans
using a different MALDI-TOF MS flight method. In this
study, however, sialic acids were removed in order to
increase the accuracy and reproducibility of analyzing
neutral glycans on both ODS and MALDI-TOF MS.
Sialylated glycans could not be easily analyzed without
introducing another HPLC column or different mode or
matrix for MS. The method represents the most efficient
means for comparing core structures upon which sialic acid
would be added.

A demonstration of the modified method’s efficient
resolution is the capacity to differentiate positional isomers
of galactosylation on different branches in a human IgG
antibody sample. These structures could not easily be
separated by many other HPLC systems and also not by
using standard one-dimensional mass spectrometry techni-
ques alone. Further, the separation will allow a better
understanding of which glycan isomers are preferentially
generated from particular cell lines and media conditions.
The addition of mass spectrometry to one dimension of
HPLC allows for confirmation of peaks from well known
HPLC profiles such as IgG, allows for identification of
peaks from samples with multiple unknown structures such
as t-PA, and is required for elucidating any structures which
overlap at the same position on the ODS column.

The practical value of this method was illustrated by
examining changes in the glycan profile that occur due to
different media additives. In this study, the addition of
ammonia to the culture medium of five different samples
run from multiple shake flasks in parallel was shown to
alter the complexity of glycans formed. Using the modified
method, this analysis was performed in 3 days, 10 to 20
times faster than the time to run the same samples on multi-
dimensional HPLC, saving weeks of analysis time. Specif-
ically, the method showed that addition of ammonia led to a
reduction in galactosylation of di- and tri-antennary
structures attached to t-PA. More complex structures are
generally preferred to improve desired protein properties
such as increased serum half-life. Increased glycan struc-
tural complexity can also change biological activity. For
example, reduction in galactosylation of an IgG is associ-
ated with rheumatoid arthritis [2]. The effect of ammonia on
CHO cell physiology was also detected by LysoSensor ™,
which indicated an increase in the intracellular pH and
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Table 5 Other minor structures verified by 2-D HPLC Method. (-, GlcNAc; O, mannose; O, galactose; A, fucose; N/D, not determined)

Major Structure Percentage of Structures
Peak 4X 4Q 8X 8Q A
b
6
A a3 3 8 9 10 8
3
p2 6
B 1 2 1 2 4
B2 03
p2
C 8 8 8 7 5
2 w3
D N/D
p2 6 6
E 3 4 2 4 6
2 3
p2 6 b
F 5 5 4 5 6
2 w3
H 7 5 5 7 6
I 4 2 2 3 4
J 2 2 4 3 4

Relative compositions of glycan profile samples of major structures along with specific structural isometric information. The peak area percents
allow a measure of relative amounts of glycan structures between profiles rather than using peak height alone

suggested possible causes for the results found by the
analysis method. Interestingly, the inclusion of glutamine as
opposed to GlutaMAX ™I also indicated a general increase
in the intracellular pH as shown by decreased average
cellular fluorescent intensities of LysoSensor™ in the
glutamine-supplemented cultures.

Glutamine is known to degrade more rapidly in the medium
and lead to a rise in culture pH while GlutaMAX ™-1 degrades

@ Springer

more slowly. Furthermore, as shown by the modified analysis
method, the GlutaMAX™L-I cultures also exhibited a
relatively higher level of galactosylation as compared to the
glutamine cultures, which in turn contained more fully
galactosylated structures than those of the ammonia supple-
mented cultures. Thus, the inclusion of GlutaMAX ™-I may
represent the preferred medium alternative to glutamine in
order to generate higher levels of complex galactosylated
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Fig. 7 a Lysosomal staining
showing the effect of the

media additives on acidity

of intracellular organelles,
typically lysosomes. b Mean
cellular intensity of fluorescence
is plotted with SEM between
cells. p<0.05 (vs 4Q) and
p<0.0001 (vs A)

structures. This improvement in complexity may be due in part
to the lower physiological pH obtained in the cultures
supplemented with the dipeptide. GlutaMAX™.-I prevents
spontaneous degradation of glutamine in the medium produc-
ing ammonia by remaining in dipeptide form until the cell
releases peptidases when it requires a glutamine source [36].

Increasing the glutamine concentration above a normal
culture concentration or direct addition of ammonia has
been shown previously to reduce the structural complexity
of the glycans [21, 26-28, 53] and was demonstrated with
this analysis technique. There are multiple possible reasons
for the change in glycan structures in cultures with higher
ammonia levels and intracellular pH. These include
alteration of trans Golgi pH affecting glycosyltransferase
activities, mistargeting of lysosomal enzymes, and redistri-
bution of glycosyltransferases as they are recycled through
the Golgi. One possible reason is due to the effect of pH
changes on the galactosyltransferase (GalT) activity in the
trans-Golgi network (TGN). The pH optimum of GalT
occurs at 6.5 and drops at higher pH levels [21]. The TGN,
the most acidic portion of the Golgi apparatus, has a normal
acidic pH of about 6.0—6.5 [54] but the pH can rise above 7.0
in the presence of ammonia. Gawlitzek ef al. [21] proposed this
change in glycosyltransferase activity under increasing TGN
pH as the major contributing mechanism for reduced
galactosylation of IgG in CHO with increased ammonia.

A second possible explanation involves redistribution of
lysosomal enzymes as a result of the pH change. The cell

o

100+

80+

Cellular Intensity

produces lysosomal hydrolases, including glycosidases,
which are targeted to the lysosome by a pH sensitive
receptor in the endosome. However, if the pH is altered
such that the Golgi pH is increased, the receptor may not be
properly transported to the lysosome [31]. These glyco-
sidases can accumulate in secretory compartments or traffic
to the medium rather than their lysosomal target [55]. In
these locations, the glycosidases can act on secreted protein
and reduce the level of complex galactosylation.

A third possible contributing factor involves improper
localization of GalT and other enzymes. Like hydrolases
destined for lysosomes, the localization of glycosyltrans-
ferases in the TGN is affected by pH as well. Increasing the
pH of the Golgi apparatus can alter the physical infrastruc-
ture. Vesicles can form on the Golgi and decrease the
likelihood of a secreted protein seeing the glycosylational
enzymes [56]. The GalT can accumulate in the swollen
vesicles which prevents it from acting on secreted proteins
[57]. The improper pH can also inhibit proper recycling of
Golgi enzymes from endosomes back to the Golgi [58].

The modified method described in this study will serve
to reduce sample size and lower the time needed to
compare different N-glycans subjected to various culture
conditions. Such an approach will be extremely valuable
for comparing a choice of media formulations and
understanding the role different additives and the culture
environment can play. As the number of commercial and
research glycoproteins produced increases, these higher
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throughput methods will allow users to optimize the cell
culture environment in order to obtain a more desirable N-
glycan profile. The application of stable dipeptides offers
one such strategy to reduce ammonia and retain a lower
intracellular pH while generating more complex N-glycans
with higher galactosylation levels.
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