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Foreword

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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Preface

ADVANCES IN BIOTECHNOLOGY HAVE BROUGHT ABOUT novel and effi-
cient means for industrial production of therapeutic proteins and other
biological substances. As a corollary to these accomplishments, the need
has arisen for rapid analytical techniques with high resolution and sensi-
tivity to facilitate research and development, process monitoring, and
quality control in biotechnology. Such applications have provided the
major driving force for the rapid growth of new methodologies for
biopolymer analysis in the past few years.

In fact, we have witnessed the birth of new analytical methods that
play an essential role in biotechnology. Further progress in life sciences
also depends on the introduction of increasingly sophisticated analytical
tools for the separation, characterization, and quantitative assay of com-
plex biological molecules. Consequently, the concepts, methods, and
strategies of analytical biotechnology will inevitably be adopted by the
life sciences.

In the manufacture of proteinaceous drugs, the purity of the final
product is of paramount importance. Purity, however, is by no means an
absolute term; it depends on the method used for its measurement.
Since traditional chromatographic methods and slab gel electrophoresis
have been the main tools for biopolymer analysis, the commonly used
but utterly vague terms chromatographically or electrophoretically pure
demonstrate the role of available techniques not only in the measure-
ment but also in the definition of purity.

In the past decade, we have benefited from major improvements in
the sensitivity and efficiency of both chromatography and electro-
phoresis. High-performance liquid chromatography (HPLC) has become
firmly ensconced as a powerful method for protein analysis. Ironically,
reversed-phase chromatography, which employs denaturing conditions,
has found a particularly wide application, at least when only analytical
information is sought. This is the case in most routine analytical work
required for many biotechnological applications.

The advantages of HPLC over classical chromatographic methods
stem from the employment of a precision instrument that utilizes high-
performance columns with concomitantly high analytical speed and reso-
lution and affords total control over the chromatographic process and
sensitivity of analysis. In a way, the recent emergence of capillary elec-
trophoresis (CE) follows the same patterns: electrophoresis, a well-
established and widely used method of biopolymer analysis, is carried out

ix .
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by a suitable instrument that exhibits some of the major features of a
liquid chromatograph. Although numerous technical problems are yet
to be solved, it is not difficult to anticipate that instrumentation of elec-
trophoresis will bring forth the advantages also germane to HPLC and
thus will greatly expand the potential of electrophoretic analysis.

This volume accounts for some of the recent developments in CE and
HPLC that are of particular interest in biotechnology. Four chapters
dealing with capillary electrophoresis present an introduction to this
technique and discuss its application to various analytical problems rang-
ing from the analysis of cyclic nucleotides to quality control in the phar-
maceutical industry. Another four chapters encompass recent develop-
ments in HPLC and has a sharper focus: analysis of pharmaceutical pro-
teins. This particular area is of vital importance to biotechnology, and
recent progress has been quite impressive. Enhancement of analytical
performance in terms of speed, resolution, and sensitivity combined with
the integration of various techniques has engendered powerful schemata
for routine assay of proteins at purity standards unheard of a decade ago.
An adjunct chapter elaborates problems associated with the use of
HPLC as a detection method in preparative chromatography, an
approach that will surely find increasing application in industrial protein
purification. Mass spectrometry has found growing employment in the
structure determination of peptides on a routine basis, and one chapter
deals with the use of this technique. The last contribution in this
volume is aimed at the use of the displacement mode of chromatogra-
phy, which is primarily a preparative technique. Its potential in analyti-
cal work, however, is being more and more recognized for the enrich-
ment of trace components.

We thank the authors for their contributions, which made possible
the publication of this volume. Analytical biotechnology continues to
face new challenges, and its armory of adequate tools for meeting them
is far from being complete. The collection of papers presented here
should be viewed as a testimony for both the incipient nature and the
vast potential of this field, which does not yet warrant the publication of
a treatise.

CsABA HORVATH
Yale University, Department of Chemical Engineering
New Haven, CT 06520

JOHN G. NIKELLY
Philadelphia College of Pharmacy and Science, Chemistry Department
Philadelphia, PA 19104

May 18, 1990
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Chapter 1

High-Resolution Nanotechnique for Separation,
Characterization, and Quantitation
of Micro- and Macromolecules

Capillary Electrophoresis

Noberto A. Guzman'4, Luis Hernandez?, and Shigeru Terabe®

'Protein Research Unit, Princeton Biochemicals, Inc., Princeton, NJ 08540
ZDepartment of Physiology, School of Medicine, Los Andes University,
Merida, Venezuela
3Department of Industrial Chemistry, Faculty of Engineering, Kyoto
University, Kyoto, Japan

A powerful high-efficiency, high-resolution analytical
technique is described for the separation, characte-
rization and quantitation of minute amounts of
analytes. This technique, termed capillary electro-
phoresis, offers the capability of on-line detection,
the use of multiple detectors, micropreparative
operation and automation.

The determination of minute quantities of micro- and macro-
molecules is an important problem in biological chemistry and
poses a challenge to biological chemists. Attempts to optimize
separation and characterization conditions and techniques have
always been a major concern to many scientists. Unfortunately,
most of the advanced new technologies currently available to
biological chemists still require microliter quantities and hardly
reach subpicomole sensitivities.

Two of the most powerful separation techniques used today are
chromatography and electrophoresis.  Although various modes

4Current address: Roche Diagnostic Systems, Inc., 340 Kingsland Street, Nutley, NJ 07110-1199

0097—6156/90/0434—0001509.75/0
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2 ANALYTICAL BIOTECHNOLOGY

of chromatography are used for separation and characterization
of macromolecules, quite often the final purity test is performed
through electrophoretic analysis. If a single peak is obtained
during the chromatographic analysis of proteins and peptides,
electrophoresis will probably be used as a confirmatory purity
test. The opposite is unusual.

Although the separation modes of the electrophoretic methods
practiced today are many (1,2), they are slow, labor-intense,
prone to relatively poor reproducibility and have limited
quantitative capability. In addition, it has been difficult to
accomplish a fully automated operation. On the other hand, the
emergence of capillary electrophoresis (CE) gradually has begun
to solve problems in which the handling of low nanoliter samples
and subfemtomole quantities is necessary. Furthermore, among
the major advantages of capillary electrophoresis is that it can be
made fully automated, it has high resolution capability, and it
can quantitate fully minute amounts of sample to be analyzed.
Because a significant amount of information has been reported
during the last decade about capillary electrophoresis (for recent
reviews see 3-9), we are aiming to update new developments in
instrumentation, bonding chemistries of capillaries, and
applications on the analysis of proteins and their building-block
components.

Although numerous examples of capillary electrophoresis
separations of micro- and macromolecules can be cited (3-9), the
most troublesome (and probably the application most commonly
used), is the separation and analysis of proteins, peptides and
amino acids. Table I shows a comprehensive view of the
literature regarding the analysis of these substances, which are
biologically the most diverse of all biological compounds, serving
a vast array of functions.

The need for high-resolution protein separations has become
more important due to the recent revolution in molecular
biology.  Typically, the recovery of an expressed protein from

In Analytical Biotechnology; Horvéth, C., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



1. GUZMANETAL. Capillary Electrophoresis 3

TABLE 1.  Analysis of Proteins, Peptides, and Amino Acids by
Capillary Electrophoresis

Analyte Mode of CE Detection System Reference

Dansyl Open-tubular Fluorescence 10-14
amino acids

Fluorescamine Open-tubular Fluorescence 10
derivatized
dipeptides

Leucine enkephalin Open-tubular Mass spectrometry 14
vasotocin
dipeptides

Lysozyme Open-tubular Fluorescence 15
cytochrome ¢

ribonuclease

chymotrypsinogen

horse myoglobin

Egg white Open-tubular Fluorescence 16
lysozyme

peptides

Chicken Open-tubular Fluorescence 17
ovalbumin

tryptic peptides

Phenylthiohydan- Open-tubular uv 18
toin amino acids

Human transferrin Packed-tubular uv 19
Human hemoglobin

Cewl, hhcc, bprA, Open-tubular uv 20
wsmm, esmm, hhm,

dhm, dsmm,cewc,

beca, bmlb, bmla, ceo

Horse myoglobin Open-tubular uv 21
B-lactoglobulin A

B-lactoglobulin B

swm, hca, bca

Continued on next page
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ANALYTICAL BIOTECHNOLOGY

Table L. Continued

Analyte Mode of CE Detection System Reference
D-L amino acids Packed-tubular uv 22
Human growth Packed-tubular uv 22
hormone

a-Lactalbumin Packed-tubular uv 23
B-lactalbumin

trypsinogen

pepsin

Rabbit hemoglobin Packed-tubular uv 4
OPA-amino acids Open-tubular Fluorescence 5
Myoglobin and Open-tubular uv 23
myoglobin

fragments

Synthetic peptides Open-tubular uv 24
Lysozyme Open-tubular uv 25
trypsinogen

myoglobin

B-lactoglobulin A

B-lactoglobulin B

Hirudin (thrombin- Open-tubular uv 5
specific inhibitor)

Ggqa, ggea, ggda, Open-tubular uv 6
wa, we, wg, ggra,

wgg, wi

Untreated amino- Open-tubular Electrochemistry 7,27
acids, Dipeptides

L-dihydroxy- Open-tubular Electrochemistry 26,27
phenylalanine

Dipeptides Open-tubular uv 28

In Analytical Biotechnology; Horvéth, C., et al.;
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1. GUZMANETAL. Capillary Electrophoresis 5

Table 1. Continued

Analyte Mode of CE Detection System Reference
Phycoerythrin Open-tubular uv 29
Enolase Packed-tubular uv 29
B-amylase

Chicken lysozyme Open-tubular uv 28

B-lactoglobulin A
B-lactoglobulin B
rabbit parvalbumin

hcec, hhm

Cytochrome ¢ Open-tubular uv 28
proteins

Neuropeptides Open-tubular uv 30-38
Prolyl 4-hydrox- Open-tubular Fluorescence 39
ylase B-subunit

peptides

Glycine, wsmm, Open-tubular Fluorescence 40

carbonic anhy-
drase, B-lacto-
globulin A, B-
lactoglobulin B

Putrescine Open-tubular Fluorescence 41
Monoclonal Open-tubular Fluorescence 42,43
antibodies

Abbreviations used here: cewl, chicken egg white lysozyme; hhcc, horse
heart cytochrome c; bprA, bovine pancreas ribonuclease A; wsmm, whale
skeletal muscle myoglobin; esmm, equine skeletal muscle myoglobin;
hhm, horse heart myoglobin; dhm, dog heart myoglobin; dsmm, dog
skeletal muscle myoglobin; cewc, chiken egg white conalbumin; beca,
bovine erythrocytes carbonic anhydrase; bmlA, bovine milk B-
lactoglobulin A; bmlB, bovine milk B-lactoglobulin B; ceo, chicken egg
ovalbumin; swm, sperm whale myoglobin; hca, human carbonic
anhydrase; bca, bovine carbonic anhydrase; hcc, horse cytochrome c.

tissue culture media or fermentation broths is difficult because
host cell contaminants and artifacts of the recombinant product
must be removed.  Artifacts arising from translation errors,
improper folding, premature termination, incomplete or incorrect
post-translational modification, and chemical or proteolytic
degradation during purification all contribute to the production

In Analytical Biotechnology; Horvéth, C., et al.;
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6 ANALYTICAL BIOTECHNOLOGY

of polypeptide species with structures similar to the desired
native polypeptide. Therefore, a high-resolution method such as
capillary electrophoresis would be wuseful for monitoring
biosynthetic fidelity and protein purity during the production of
recombinant proteins.  For example, it would be useful to
separate peptides which differ only in one aminoacid or if the
location of the same amino acid in the sequence is different.
Similarly, it would be useful in the characterization of closely
related proteins, such as isoenzymes and immunoglobulins.

The use of capillary electrophoresis as an analytical tool has been
quite successful in the separation of a few small molecular
weight proteins and many peptides obtained from commercial
sources, most probably highly purified. However, in cellulo,
proteins are usually associated with multimolecular complexes
which are known to participate in essential cellular processes
such as DNA replication, DNA recombination, and protein
synthesis.  Furthermore, other important biological processes
that require protein complexes for activity include cellular
motion, catalysis of metabolic reactions, regulation of biochemical
processes, transport of micro- and macromolecules, and the
structural maintenance of cells and the cellular matrix. In
addition, the disruption of normal processes by viral infection
produces virus-encoded multimolecular protein complexes,
including the partially assembled precursors of the mature virus.
Therefore, these complex protein-macromolecules may present a
problem (for their separations) when using untreated fused-
silica capillaries due to the adsorption of many proteins onto the
walls of the capillary. Since the performance of any analytical
technique is characterized in terms of accuracy, precision,
reproducibility and dynamic range, many changes have to be
made to the system in order to optimize the performance of
capillary electrophoresis for the analysis of peptides and
proteins.

For small peptides, separation efficiencies in excess of one
million theoretical plates have been demonstrated (13,20,44).

In Analytical Biotechnology; Horvéth, C., et a.;
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1. GUZMANETAL. Capillary Electrophoresis 7

Separation efficiencies for large proteins are more common in
the hundred thousand theoretical plates. In comparison with gas
chromatography, supercritical fluid chromatography, and liquid
chromatography, capillary electrophoresis is the best separation
technique from the point of view of molecular weight range of
applicability. In the same column, it is possible to separate
species ranging in size from free amino acids to large proteins
associated with complex molecular matrices. In addition, from
the detection standpoint, high-performance liquid chromatog-
raphy is proven to provide better concentration sensitivity. On
the other hand, capillary electrophoresis can provide better mass
sensitivity.

As an instrumental approach to conventional electrophoresis,
capillary electrophoresis offers the capability of on-line
detection, micropreparative operation and automation (6,8,45-
47). In addition, the in tandem connection of capillary
electrophoresis to other spectroscopy techniques, such as mass
spectrometry, provides high information content on many
components of the simple or complex peptide under study. For
example, it has been possible to separate and characterize
various dynorphins by capillary electrophoresis-mass spectro-
metry (33). Therefore, the combination of CE-mass spectrometry
(CE-MS) provides a valuable analytical tool useful for the fast
identification and structural characterization of peptides.
Recently, it has been demonstrated that the use of atmospheric
pressure ionization using lIon Spray Liquid Chromatography/
Mass Spectrometry is well suited for CE/MS (48). This approach
to CE/MS provides a very effective and straightforward method
which allow the feasibility of obtaining CE/MS data for peptides
from actual biological extracts, i.e., analysis of neuropeptides
from equine cerebral spinal fluid (33).

Peptide mapping studies, generated by the cleavage of a protein
into peptide fragments, must be highly reproducible and
quantitative.  Several electropherograms of protein digests have
been obtained when chicken ovalbumin was cleaved by trypsin

In Analytical Biotechnology; Horvéth, C., et a.;
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8 ANALYTICAL BIOTECHNOLOGY

(17), B-subunit of prolyl 4-hydroxylase cleaved by
Staphylococcus aureus strain V8 protease (39), egg white
lysozyme by trypsin (16), myoglobin and hemoglobin cleaved
by trypsin (48), B-lactoglobulin A cleaved by Staphylococcus
V8 protease (24), and recombinant interferon by trypsin (see
Figure 1). Since capillary electrophoresis can provide high mass
sensitivity, ultra-high efficiency and nanoliter sample injection,
it also provides an excellent tool for the characterization of
proteins when comparing peptide mapping, especially if the
amount of material is difficult to obtain. For example, it could be
quite useful for the identification of mutations in certain proteins
which are characteristic of detrimental diseases (such as genetic
diseases), or in the identification of site-specific protein
modifications. In addition, it can be used as a quality control
measure for recombinant protein products.

Routinely, common chemical and enzymatic techniques are used
to obtain protein fragments. Unfortunately, when enzymatic
digestion techniques and nanograms quantities of proteins are
used, the method become ineffective due to dilution and reduced
enzymatic activity. An alternative approach to overcome this
problem is the use of proteolytic enzymes immobilized to a solid
support and a small-bore reactor column. Using trypsin
immobilized to agarose, tryptic digests of less than 100 ng of
protein can be reproducible obtained (49).

The major concerns that are general to the use of all capillary
electrophoresis systems for the separation of proteins and their
building-block components are (a) choosing columns; (b) buffer
solution compatibility with the system; and (c) the selection of
the hardware.

CAPILLARY COLUMN

The heart of any chromatographic and electrophoretic system is
the column. Preparation of capillary columns requires specific
modifications, including bonding chemistries. Although one can

In Analytical Biotechnology; Horvéth, C., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



1. GUZMANETAL. Capillary Electrophoresis
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Figure 1. Electropherogram of Tryptic Digest Derived
from Interteron. About 1 mg/ml of recombinant
interferon (Hoffmann-La Roche, Inc.), was submitted to
proteolytic digestion using 40 pl of a 1 mg/ml trypsin
solution in 0.05 M Tris-acetate buffer, pH 7.5. The
enzymatic digestion was carried out for 16 hr at 37°C.
Approximately 5 nl of the protein digest was then
separated by capillary electrophoresis using an
untreated fused-silica column (75 pum x 100 cm), filled
with 0.05 M sodium tetraborate buffer, pH 8.3. The
peptides were monitored at 210 nm. Other experimental
conditions are described in reference 8.
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10 ANALYTICAL BIOTECHNOLOGY

certainly prepare one's own capillary tube using various
chemicals and cross-linked polymers, it is unlikely that most
people will do so. Adoption of capillary electrophoresis in
protein separations is dependent on the commercial availability
of high quality crosslinking materials, packed columns, and
surface-modified capillary columns that have been specifically
designed for protein separations. At the present time com-
mercially prepared capillary columns are only available as naked
or surface untreated columns.

Although several intents were made to used Pyrex borosilicate
glass columns, or teflon columns for use as the separation system
in capillary electrophoresis (15,44), the most successful and
commonly used capillary column today is the one made of
vitreous silica. Except for the superior ultraviolet transparency
of fused silica, Pyrex borosilicate glass and fused silica capillaries
behave alike for use in capillary electrophoresis. Teflon, while
also having good ultraviolet transparency, exhibits a poorer
thermal conductivity than either Pyrex or fused silica, and thus
has a greater tendency to overheat. The fused silica capillary
column is available from various sources (for example, Scientific
Glass Engineering, Austin, Texas, and Polymicro Technologies,
Phoenix, Arizona). The fused-silica quartz capillary is optically
compatible with ultraviolet as well as fluorescence detection.

BUFFER SOLUTION IN CAPILLARY ELECTROPHORESIS

In general terms, capillary electrophoresis is the electrophoretic
separation of a substance from (usually) a complex mixture
within a narrow tube filled with an electrolyte solution which is
normally an aqueous buffer solution. Although one example of
separation performed in a totally non-aqueous solution has been
reported (50), neutral and slightly basic buffer solutions are
generally used. Small tubes dissipate heat efficiently and
prevent disruption of separations by thermally driven
convection currents. Therefore, capillary electrophoresis can use

In Analytical Biotechnology; Horvéth, C., et a.;
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1. GUZMANETAL. Capillary Electrophoresis 11

relatively large electric fields to separate the components in very
small samples rapidly and effectively.

In open-tubular capillary electrophoresis, a buffer-filled
capillary is generally suspended between two reservoirs that
contain the same buffer. A strong electroosmotic flow carries
solutes, usually without regard to charge, from the positive end
to the negative (that is, grounded electrode) end. In addition to
the electroosmotic flow, electrophoresis also occurs. As a result,
the components in the injected sample separate on bases of
differences on their electrophoretic mobilities. In most cases,
however, the rate of electrophoretic migration is slower than the
rate of electroosmotic flow. Consequently, all species in the
injected sample normally travel in one direction (the direction of
the electroosmotic flow), allowing detection of positive, neutral,
and negative species as they pass specific points along the
capillary tubing.

Although capillary electrophoresis is a powerful technique for
the separation of ionic compounds, some isomeric or closely
related ionic compounds are not always successfully separated.
Several attempts to improve selectivities are being carried out in
various laboratories, as has been done for high-performance
liquid chromatography.  These attempts are usually through
modification of the buffer components and conditions, and
through modification of the capillary surface.

One of the important modifications of the system is the change in
pH of the buffer. The pH of the buffer is the most critical factor
for selectivity (18,51), because the protonation state of
compounds having ionizable groups depends on the pH. The
power of this approach is evident in the following example: the
close related oxygen isotopic benzoic acids have been easily
separated under an appropriate pH condition by means of an
ionization control technique (52). The net charge of a substance
and consequently the electrophoretic mobilities of zwitter ionic
and multi-ionizable compounds such as amino acids, peptides

In Analytical Biotechnology; Horvéth, C., et a.;
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12 ANALYTICAL BIOTECHNOLOGY

and proteins, vary significantly with the pH (24,28). Other
improvements in the separation of compounds by capillary
electrophoresis, has been the addition of organic solvents to the
buffer, such as methanol, propanol, and acetonitrile (27,44,53).

Additives that specifically interact with an analyte component
are also very useful in altering the electrophoretic mobility of
that component. For example, the addition of copper(II)-L-
histidine (12) or copper(Il)-aspartame (54) complexes to the
buffer system allows racemic mixtures of derivatized amino
acids to resolve into its component enantiomers.  Similarly,
cyclodextrins have proven to be useful additives for improving
selectivity. Cyclodextrins are non-ionic cyclic polysaccharides of
glucose with a shape like a hollow truncated torus. The cavity is
relatively hydrophobic while the external faces are hydrophilic,
with one edge of the torus containing chiral secondary hydroxyl
groups (55). These substances form inclusion complexes with
guest compounds that fit well into their cavity. The use of
cyclodextrins has been successfully applied to the separation of
isomeric compounds (56), and to the optical resolution of racemic
amino acid derivatives (57).

Other modifications of capillary electrophoresis techniques,
described below, have been adopted for the improvement of
separation of several substances, including proteins, peptides
and aminoacids. Furthermore, new procedures are also being
developed to avoid the adsorption of proteins and peptides onto
the walls of the capillary and consequently improving their
selectivities.

One of the first steps in modifying the performance of capillary
electrophoresis was the deactivation of silica groups of the
capillary column by physically coating the capillary wall with
methylcellulose (58,59), as well as via silane derivatization
(10,44,60). Presently, many other changes have been carried out
either to the capillary surface or addition of chemical agents to
the separation buffer (see Table II), including manipulation of
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1. GUZMANETAL. Capillary Electrophoresis 13

TABLE 1II. Improvements on the Capillary Electrophoresis
Separation of Proteins, Peptides and Amino Acids
by Deactivation of the Silica Surface or by Addition
of Chemical Agents to the Separation Buffer

Deactivating Chemical Other

Agent Agent Conditions Reference
Methylcellulose - - 29,58,59
- Cyclodextrin - 56,57
Glycophase - - 15

- - Low pH 24,28

aqueous buffers

[(Methacryloyloxy) - - 28
propyl]trimethoxysilane

/1-vinyl-2-pyrrolidinone

- - High pH 20

aqueous buffers

- Morpholine - 53
Trimethylchloro- - - 12,54,61
silane

- Detergents - 54-56

In Analytical Biotechnology; Horvéth, C., et al.;
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14 ANALYTICAL BIOTECHNOLOGY

the electric charge on the proteins and the silica capillary wall to
prevent adsorption by Coulombic repulsion (20).

As mentioned above, the electroosmotic flow provides another
means of transporting solutes, including neutral ones, through
the capillary column. Differences in the viscous drag of neutral
solutes, primarily, as a result of size differences, can provide for
their separation. However, these differences are usually very
small, and consequently, capillary electrophoresis is not very
useful for separating structurally similar neutral compounds. In
general terms, electrophoresis in free solutions is a separation
method based solely on the difference in electrophoretic
mobilities of charged species. It is not surprising, in principle,
that electrically neutral compounds, of which the electrophoretic
mobilities are essentially zero, cannot be separated. However, in
order to make capillary electrophoresis effective for separating
neutral compounds, addition of a surfactant to the
electrophoretic buffer solution is necessary. The surfactant (at a
concentration above its critical micelle concentration), effectively
makes available a mechanism for separating neutral compounds.
The use of these ionic micelles has been developed by Terabe
and coworkers (63,64).

Charged micelles are subject to electrophoretic effect and
therefore migrate with a different velocity from the surrounding
aqueous phase. Micelles then act as a chromatographic phase,
which may correspond to the stationary phase in conventional
chromatography, by solubilizing the neutral molecules into their
hydrophobic core. The separation is thus based on the
differential distribution of the solute molecules between the
electroosmotically-pumped aqueous phase and the micellar
phase, which is moved by the cumulative effects of
electroosmosis and electrophoresis.  This technique is termed
micellar electrokinetic chromatography (65) and also called
micellar electrokinetic capillary chromatography (MECC) (66).

Micellar electrokinetic chromatography has been proven to be a
highly efficient separation method for neutral analytes
(63,67,68), neutral and charged compounds (69-72), and ionized
compounds (67,73) including PTH-amino acids (18).
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In certain cases, non-detergent substances act as micelles. For
example, a cyclodextrin derivative containing ionizing groups has
been employed as a substitute for a charged micelle (56). In this
case, the cyclodextrin derivative acts as a chromatographic phase
as it is in the case of the micelle, although it constitutes a
homogeneous solution. The solute is partitioned between the
hydrophobic region of the cyclodextrin and the aqueous phase.
This technique (of using ionizable cyclodextrin derivatives) also
can be classified as electrokinetic chromatography (65) and will
separate neutral molecules very effectively.

CAPILLARY ELECTROPHORESIS INSTRUMENTATION

Several instruments have been developed in various laboratories
since the late 1970s. Currently, several companies have
introduced the capillary electrophoresis commercially (for
example Microphoretic Systems, Sunnyvale, California; Bio-Rad,
Richmond, California; Applied Biosystems, Inc., Foster City,
California; and Beckman Instruments, Inc., Palo Alto, California).
Although the instruments have many practical features for the
separation and analysis of analytes, several new features need to
be incorporated (for routine use) by protein chemists.

One of the most important features of the capillary electro-
phoresis instrument is the detection system. Several of the
detection methods commonly used in high-performance liquid
chromatography have been somewhat adapted for capillary
electrophoresis.  Currently, the most popular detection methods
developed for capillary electrophoresis are summarized in Table
III.

Despite the availability of several detectors that have been
successfully adapted for capillary electrophoresis, only
ultraviolet and noncoherent light fluorescence are currently
configured in the capillary electrophoresis instruments.
Presently, the most common way to enhance detection of
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TABLE III. Detection Methods Used in Capillary Electrophoresis

1. ABSORPTION
a) Ultraviolet
b) Visible

2. FLUORESCENCE
a) Noncoherent light fluorescence
b) Coherent light fluorescence or laser-induced fluorescence
c) Epillumination fluorescence microscopy

3. ELECTROCHEMICAL
a) Conductivity
b) Potentiometric
¢) Amperometric

4. RADIOMETRIC

5. SPECTROSCOPY
a) CE-Mass Spectrometry
b) CE-Fourier Transform Infrared*
¢) CE-Raman*
d) CE-Ultraviolet*

*Techniques under investigation.
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analytes is by conjugating the analyte under study with a
fluorescence tag. The fluorescent conjugate can then be detected
using fluorescence techniques (see Table III, and 3,5,8,15,38,40,
41,44,54,74-79). Dovichi and co-workers (76) have been able to
improve detection of amino acids derivatized with fluorescein
isothiocyanate when detected with laser-induced fluorescence.
The detection limits that can be reached with this technique are
at the level of subattomole. Nevertheless, fluorescent detectors
currently used still have limitations in maximixing sensitivity
due to a large amount of light scattering which occurs before
light reaches the detector. A solution to this problem has been
overcome by the use of a fluorescence microscope (38,77-79).
The capillary column was placed on the plate of a microscope
equipped with a mercury lamp. The fluorescence was produced
by epillumination through a chromatic beam splitter that
reflected radiation of less than 420 nm and refracted radiation
above 420 nm. An objective-condenser focused the UV beam on
the capillary. The emitted visible light was focused through the
lenses either on a film, a photodetector, or the retina of the
observer. The major advantages of the fluorescence microscope
then are: 1) visualization of the zones of the different analytes;
2) good estimation of the electroosmotic flow; 3) pictures can be
taken or a video tape record made of the zones; 4) improvement
of fluorescence detection sensitivity when compared with
conventional fluorescence detectors adapted to capillary
electrophoresis; and 5) accurate quantitation of fluorescence
analytes by adapting a photomultiplier to the microscope.

In general, an ideal capillary electrophoresis instrument is
composed of the following basic components: 1) an autosampler
or autoloader, containing buffer and sample reservoirs; 2) a
high-voltage power supply; 3) a fused-silica column; 4) an on-
column and/or an off-column detector; 5) a recorder and/or
integrator; 6) a microprocessor-controlled motor(s) and power
supply system; and 7) an appropriate data handling system. A
fraction collector connected to the grounded terminal of the
capillary is employed when sample isolation and collection is
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considered (see Figure 2). The use of multiple capillaries for the
loading and collection of larger quantities of proteins or peptides
is also necessary, and consequently, since more current is
consumed and greater heat is generated, a thermoregulated
capillary compartment is strongly recommended. The equip-
ment can be either modular (i.e., assembled of single
components) (Figure 2) or a completely integrated apparatus
(see Figure 3).

The autosampler, autoinjector, or autoloader can accomodate
multiple vials capable of holding disposable microcentrifuge
tubes or any other suitable sample container. The sample holder
should be designed preferably in a conic shape and able to
sustain small volumes, from normally 500 pl to 1.5 ml, to as
little as 1 or 2 pl of sample. Because small sample volumes may
evaporate if exposed for a long period of time to ambient
temperature, it is recommended to have a container with a cap
having a tiny hole for access to the electrode (high-voltage
terminal) and the capillary column. Alternatively, the sample
container may be capped at all times except when an injection
occurs. An automatic system will remove the cap during the
injection time and then place it back to its original position after
the running time has ended. Both methods, manually and
automated, will protect the sample from accidental contamina-
tion and from concentration due to total evaporation of the
sample.  Ideally, the autosampler should have interchangeable
turntables (in addition to multiple vials) to accomodate sample
containers of different sizes.

The introduction of the samples onto the capillary column can be
carried out by either displacement techniques or electrokinetic
migration. Three methods of displacement or hydrostatic
injection are available: a) direct injection, or pressure; b) gravity
flow, or siphoning; and c¢) suction. The electrokinetic injection
method arose from findings that electroosmosis act like a pump
(80). Both methods have advantages and disadvantages. For
example, a bias has been reported in electrokinetically injected
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Figure 2. A Schematic Diagram of an Automatic
Modular Capillary Electrophoresis Apparatus with On-
column Detection. (Reproduced with permission from
Ref. 71. Copyright 1988 Academic Press.)
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Figure 3. A Schematic Diagram of an Automated
Integrated Capillary Electrophoresis Apparatus.
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quantitative capillary electrophoresis analysis (81). Some
researchers have assumed that this method delivers a
representative sample into the capillary, but under certain
conditions it does not. On the hand, hydrostatic injection can
produce more quantitative results, although quantitative
reproducibility still is a problem. The sample is introduced into
the capillary column by using one of the injection methods
described above, with the assistance of an autosampler.
Currently, various models of autosamplers have been designed,
including the use of a multiple sample holder-turntable or a 96-
well microtiter plate as a sample holder (6,8,45,46).

Commercially available regulated high-voltage direct current
(d.c.) power supplies are of three types: a bench top rack-mount
unit with multiple features, a compact modular-type unit with
unidirectional field-polarity capability, and a compact modular-
type unit with bidirectional reverse field-polarity containing a
built-in relay. These units can be operated either manually or
through an actuated microprocessor-controlled system.  High-
voltage power supplies can be purchased from various sources
(for example Hipotronics, Inc., Brewster, New York; Glassman
High Voltage, Inc., Whitehouse Station, New Jersey; Bertan High
Voltage, Hickville, New York; and Spellman High Voltage
Electronics Corporation, Plainview, New York).

The need for a reverse-field polarity power supply is at least
two-fold: 1) It permit a complete spectral analysis of the
substance under study. By reversing field polarity, the
substance zones can be run forward and backward in front of the
detector as many times as needed. Incremental changes as small
as 1- or 2-nm in wavelength can be used to maximize instru-
mental sensitivity, thus allowing coverage of the entire spectral
range. In fact, this feature provides the same functions as a
diode array detector, albeit somewhat slower. Proteins and
peptides have almost identical spectral characteristics, however,
when other functional groups are attached to it, is possible to
observe more than one maximal absorbance peak. For example,
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in the case of horseradish peroxidase two maximal absorbance
peaks are observed, one at approximately at 280 nm and
another one at approximately 400 nm, due to the presence of a
heme moiety bound to the protein molecule.  The system
described here allows more extensive investigation of a sample
across a wider range of wavelengths at lower cost and higher
sensitivity.  2) It facilitates the change between open- and
packed-tube capillary electrophoresis. Under normal conditions
in open-tube capillary electrophoresis, the direction of the
electroosmotic flow of buffer moves from the high-voltage
terminal to the grounded terminal. However, if changes in the
composition and/or of the buffer is altered, it is then possible to
control the intensity of the electroosmotic flow and the direction
of migration of the analytes in the system. For example,
replacement of the buffer by a polymeric matrix (such as
agarose or acrylamide), or the addition of certain chemical
substances, can reduce or suppress the electroosmotic flow
completely (22,82). Therefore, the system can then be made
operational by either the control of the electroosmotic flow or by
the control of electrophoresis. Under the control of electro-
phoresis, positive molecules will migrate toward the negative
terminal, and negative molecules will migrate toward the
positive terminal.  Consequently, the field polarity must be
changed according to the need. Furthermore (in capillary
electrophoresis) the length of the capillary column needs to be
changed. The presence of polymeric matrices within the
capillary column will generate greater heat (difficult to be
dissipated as in normal buffer-containing columns) that may
cause deleterious problems, such as the melting of agarose or the
formation of bubbles. A solution to this problem is to use
capillary columns of shorter lengths, i.e., 10- to 25-cm long. In
general, shorter columns are routinely used in packed-tube
capillary electrophoresis.  Also, a thermoregulated compartment
to maintain the system under a desired temperature and a
system for column length are strongly recommended (see
below).
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Another important feature of a power supply is the availability
of a programming voltage time in the unit. Improvement in the
resolution of proteins (when separated by a voltage gradient),
has been reported (28).

A device can be implemented to the instrument in order to
rejuvenate or recycle the capillary column after multiple
injections of samples. The recycling or cleanup procedure of the
column would ensure good performance, as well as prolonging
the life of the capillary column.

The most common cause of early failure of the capillary column
is lack of care in solvent preparation and inadequate cleanup of
biological samples. Buffers and other additives may contain
dissolved impurities (which may be retained in the capillary
column), resulting in a slowing-down of the flow of the buffer in
the column to virtually no detectable motion of the fluid. The
first step in avoiding this problem is the use of deionized and
triply distilled water in the preparation of the buffers, and the
use of solvents and solutes of high purity (solvents of HPLC
grade or spectroscopy grade, and crystallized solutes). Filtering
the final mobile phase (prior to use) through an appropriate
micropore (0.22 or 0.45 um) filter, and degassing the buffers and
solvents will remove particulated matter from the solutions and
will minimize bubble presence during the separation of the
analytes. The presence of bubbles will sever the normal passage
of current resulting in a complete stoppage of the electrical
circuit and consequently the buffer flow. Solutions can be
degassed by several methods (for example, by vacuum,
ultrasonic bath, or inert gas such as helium), but a degassing
system that can be attached to the instrument is particularly
advantageous. We have found that during the time that one
particular sample is separated, two other adjacent samples can
be degassed. This process can be carried out in microcentrifuge
tubes using very thin microtubing that carries a controlled
amount of inert gas. After this "on-line" degassing process (see
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Figure 4), the autosampler moves the next microcentrifuge tube
into position for sample loading onto the capillary. At this stage,
the new sample (and buffer) has already been degassed,
allowing a new cycle of sample to be examined, and a new set of
samples to be degassed. No contamination of new sample occurs
when this method of alternating buffer solution (after every
sample to be analyzed) is used.

Column failure may also arise from the gradual accumulation of
particulate material that adheres to the walls of the capillary
column, usually originating from "sticky” proteins and other
macromolecules such as lipids and other substances. The source
of strongly retained substances are commonly tissue or cell
homogenates, and biological fluids. When using serum, for
example, the performance of the capillary column will diminish
approximately after the fifth or sixth injection and the migration
time of the analytes under study will change significantly after
multiple injections of serum, or other biological fluids. Similarly,
deterioration in performance can also be observed when other
biological fluids are examined. One solution to the problem
(although impractical) is to replace the capillary column after a
certain number of injections since commercially available fused-
silica capillaries are inexpensive. However, because future
improvements in the technology of capillary electrophoresis
includes the use of bonding phases on the surface of the capillary
column, the price of the commercially coated-columns will
(probably) increase significantly. It will be difficult to then
make the capillary column a disposable item. A solution to this
problem can be overcome with the use of a stainless-steel or
teflon tee device connected by ferrules especially made for the
capillary column. This tee device is developed as a cleanup
system when attached to a vacuum pump and a fluid trap. The
key in rejuvenating a contaminated column is by using a
cleaning procedure that can be carried out by purging with
various solutions added in a sequential fashion: phosphoric acid,
deionized water, potassium hydroxide, deionized water, and
finally aspirating and priming the capillary with buffer (from
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vials in the autosampler). All fluids exit the teflon port into the
fluid trap. The capillary column is then ready for a new
separation cycle. The cleaning cycle may be carried out
manually each time changes in the performance of the
separation occurs, or it may be programmed automatically with a
microprocessor-controlled system (every cycle) if necessary (83).
After the cleaning procedure (and before the injection of a new
sample), it is important to run the system with plain buffer for a
short period of time, or until a base line is reached.

A general recommendation is that samples injected onto
capillary columns should be as free as possible of contaminating
material (to minimize interferences in detection and to prevent
unnecessary adsorption of sample components on the column).
Optimizing sample volume and sample concentration for optimal
electropherographic resolution, and to avoid band broadening
and tailing resulting in reduced separation efficiencies of the
analytes under study, is additionally recommended. Typically, a
capillary column of 75 um x 100 c¢m (total capacity or separation
volume of the column is 4.4 ul) can be loaded with 1 to 20
nanoliters of volume sample, and a concentration of proteins and
peptides in the range of approximately 10 pg to 5 mg/ml of
solution, depending upon the method of detection to be used.
Keeping careful operating conditions will prolong the life of a
capillary column. The life of a capillary column should be
remarkable good for at least 100 injections or more. Due to the
small capacity volume of the narrow-bore capillary column,
maintaining the two ends of the column submerged in liquid at
all times is recommended. If the ends of the column are exposed
to open air for a large period of time, evaporation will occurs and
salts and aggregates will be deposited within the capillary
column making the column permanently ineffective.

Another important component of the capillary electrophoresis
instrumentation is the cassette-cartridge design (Figure 5). This
modular component has three functions: 1) protection of the
capillary column, 2) the accomodation of capillary columns of
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Figure 4. A Schematic Diagram of an On-line Degassing
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Figure 5. A Schematic Diagram of a Cassette-Cartridge
Device.
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various sizes and compositions, and 3) regulation of the cooling
system. Although the capillary column seems to be very durable
(because of the externally coated polyimide polymer), a region of
the column (approximately 1- to 2-cm) is burned-off allowing it
to become transparent. This transparent region is centered and
aligned to allow the passage of a light beam for detection and
quantitation of the analytes under study. Careful handling
conditions of the capillary is recommended at this stage (since
the new uncoated region become very fragile). The
accomodation of various sizes and chemistries of the capillaries
makes the system very convenient for the preparation of
different capillary columns in advance, as well as making the
system very simple (for column replacement). The cartridge has
channels, allowing the passage of a thermoregulated fluid.

Finally, the dream of every protein chemist is not only to
separate components as homogeneously as possible, but also to
collect significant quantities in order to further perform
analyses. A fraction collector, and the technology to isolate
measurable amounts of proteins is essential to the capillary
electrophoresis instrument. In principle, the process of fraction
collection in capillary electrophoresis is fundamentally different
from that in liquid chromatography. The end of the capillary
must stay in contact with the buffer solution (and the terminal
electrode) during the fraction collection in order to maintain a
closed electrical circuit. If the capillary column is transferred
from one collecting reservoir to another, the electric field is
discontinued (during the transference), the electroosmotic flow
of the system is interrupted, and consequently the migration of
solutes is stopped. The process is regenerated when the
capillary (and the terminal electrode) is again placed back in
contact with a new buffer-containing reservoir. This sequence of
events is ideal to transfer the capillary from fraction to fraction
and to discretely collect separated zones of analytes. A similar
system of fraction collection has been used by Jorgenson and co-
workers (84). One limitation to this approach is the large
dilution that a protein or peptide undergoes. The collecting
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reservoir can usually hold a volume ranging from 5- to 25 ul-
buffer. Another limitation is the need to collect fractions in a
solid-support surface rather than in a liquid-containing vessel.
The collection in a membrane-type surface is especially useful in
certain applications of the diagnostic industry or in special
research techniques. In our laboratory (8) we have designed a
fraction collector capable of collecting fractions (after sample
components have been separated on the capillary column) that
does not require the end of the capillary to stay in contact with
the buffer solution (and the terminal electrode). This fraction
collector is based on the use of a porous glass assembly, designed
for off-column electrochemical detection (7,73). The grounding
of the electric system (in this design) is carried out at the end of
the separation capillary and at the beginning of the detection
capillary. Under these conditions, no collecting reservoir is
needed at the terminal of the capillary in order to maintain a
normal current flow. Therefore, the substances to be further
analyzed (or collected) continue to be pushed along the capillary.
As a consequence, microdrops of fluid are formed at the end of
the tip of the capillary column which can then be collected in a
buffer-filled microcentrifuge tube, a dry vessel, or directly into a
membrane-type solid support. This segment of the entire
capillary is not subjected to the deleterious effects of high
voltages (the effects of the high-voltage electric field are
eliminated). Therefore, it is possible to assemble a detector in
close proximity to the tip of the capillary (i.e., fiber optic sensor),
quite useful for monitoring the separated analytes at the precise
time of collection.

Using a single capillary to collect a separated component may
present a problem to the user (from the point of view of
quantity). Currently, capillary electrophoresis is used primarily
for analytical tests. However, two approaches have been
performed to use capillary electrophoresis as a micro- or semi-
preparative technique. One approach is done by increasing
sample load and detector response by arranging capillaries in
bundles (85). The ideal instrument should be configured to
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sustain several capillaries. By using four to eight capillaries (75-
100 pm i.d., 100 cm length) in open-tubular operation, we have
collected purified proteins and peptides in nanograms quantities
(85), which could be a sufficient peptide sample for
microsequencing analysis. In addition, with capillary bundles, a
device can be constructed that is capable of holding multiple
detectors (one for every capillary column) and consequently
capable of performing several simultaneous electrophoretic
separations. A second micro-preparative operational approach
has been the use of wider diameter columns (150-200 pm id.,
10-25 cm length, packed with polymeric matrices (i.e.,
acrylamide) yielding a recovery of approximately 1 pg of analyte
(9,22).

Analytical or micro-preparative operation in capillary
electrophoresis does not appear to alter the integrity of the
holomeric structure of proteins, and consequently all their
biological activities maintained.  This is particularly true if
appropriate cooling conditions are used. For example, using
capillary electrophoresis separation, three enzymes (bovine
pancreatic o-chymotrypsin (84), chick embryo and human
placental prolyl 4-hydroxylase (86), have been separated and
collected maintaining more than 95% of their enzymatic
activities. Similarly, specific antibodies produced against
enzymatically active purified human placental prolyl 4-
hydroxylase have also been separated and collected (using
capillary electrophoresis) maintaining more than 97% of their
immunological activities (87).

The advancement of modern biochemistry and developments in
micro- and macromolecular separations have been intimately
linked.  Capillary electrophoresis offers major advantages over
other separation techniques, including speed and resolving
power. The potential of capillary electrophoresis seems so vast
that it will significantly complement the technology of high-
performance liquid chromatography. However, because of
unique characteristics of capillary electrophoresis, it will also
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replace many existing technologies. Currently, protein chemists
as well other scientists, are rapidly discovering the many uses of
this powerful technique. Despite all the progress, capillary
electrophoresis is still in the early stages of becoming a routine
technology among scientists, and faces many improvements in
the years to come.
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Chapter 2

Applications of Capillary Zone Electrophoresis
to Quality Control

R. G. Nielsen and E. C. Rickard

Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, IN 46285

Performance parameters were established for the use of
capillary zone electrophoresis (CZE) in the characteri-~
zation of biosynthetic human growth hormone (hGH).

CZE distinguished between the trypsin digest fragments
of hGH and corresponding fragments produced from most
of its chemically similar impurities and degradation
products. Linearity, precision, and sensitivity were
established for intact hGH and its major desamido de-
gradation product; they were comparable to values
observed with other separation methods. In addition,
the effect of eluting solvent pH on peak shape was
determined. Finally, the electrophoretic flow velocity
was determined as a function of pH. It was found that
CZE has important applications with respect to verifi-
cation of identity (trypsin digests) and to determin-
ation of purity (detection and quantitation of
impurities) of hGH. It can be considered an important
adjunct to conventional chromatographic procedures.

Pharmaceutical products are characterized for identity, potency,
and purity. In addition, their stability is followed with time

to observe the formation of degradation products and the con-
comitant loss in potency. A diverse variety of analytical tech-
niques are used to evaluate these parameters in the bulk drug
(active ingredient) and drug product (formulated product). For
example, spectroscopic examinations of the intact material may be
used to confirm identity. Potency (amount of active ingredient or
biological activity in a dosage unit) and purity (lack of impurities
and degradation products) are frequently evaluated by separative
techniques such as reversed-phase high performance liquid chromato-
graphy (RP-HPLC). However, the structural complexity of proteins
requires that more than one method be used to quantitate the amount
of material and to verify its identity and integrity. We evaluated
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the role of capillary electrophoresis in a free solution or open
tubular mode (capillary zone electrophoresis, CZE) for determin-
ation of the identity and purity of biosynthetic human growth
hormone (hGH).

The hGH molecule consists of a single peptide strand with two
intrachain disulfide bridges. The molecular weight and isoelectric
point of hGH are 22,250 and 5.2, respectively (l1). It has been
extensively characterized by conventional techniques that include
RP-HPLC, size exclusion chromatography, anion exchange chromato-
graphy, sodium dodecyl sulfate polyacrylamide gel electrophoresis,
isoelectric focusing electrophoresis, and amino acid analysis
(2=5). Impurities in hGH result from incomplete removal of related
substances during manufacture and purification. Degradation
products form by deamidation at Asn-149 and/or Asn~152, by oxid-
ation of the thioether at methionine-14, and by formation of a
non-covalent dimer (5-6). Techniques used to establish the
identity of hGH must distinguish these chemically similar
molecules; methods that monitor the potency and purity must dis-
criminate between the desired bioactive species and the related
substances.

Confirmation of the identity for each lot of hGH is performed
with a limited set of techniques to verify that it is identical to a
reference standard lot. One of the most powerful procedures in-
volves comparison of the chromatographic fingerprint obtained from
a proteolytic enzyme (e.g., trypsin) digest of the sample to a
similar fingerprint obtained from the reference standard. When
hGH is digested with trypsin under conditions that preserve the
disulfide linkages, it is cleaved into 19 peptides that reflect the
primary amino acid sequence and the configuration of the two di-~
sulfide bonds (6-7). Since it is easier to detect changes in these
small peptides than in the intact molecule, an identical fingerprint
of the digests from two samples is relatively conclusive proof of
the correct structure (i.e., identity) of the intact molecule.

Determinations of potency and purity of the bulk drug substance
and of the formulated drug product are other major concerns of
pharmaceutical companies. Determination of purity requires quanti-
tation of impurities and degradation products in the presence of
much larger quantities of the main component. For example, the
chemical purity of hGH, like many other recombinant-DNA derived
products, is greater than 95%, and individual contaminants are
present at levels of 0.5-2% or less. (The biological purity is
typically about 98%; i.e., only about 27 of the material is biolog-
ically inactive.) Thus, the determination of purity is inherently
related to the specificity and sensitivity of the methods used to
detect contaminants, whereas methods used to measure potency require
high specificity but relatively low sensitivity. Techniques such
as RP-HPLC, that have high separative power, are easily automated,
and produce quantitative data, are frequently used to quantitate
impurities present at the 0.1-5% level. Other techniques that also
possess high separative power, such as slab gel electrophoresis,
are much less useful because they cannot be easily quantitated and
they are very labor intensive.
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CZE has been widely used for separations due to its high separ-
ative power, simplicity of operation, ease of quantitation, and
ability to perform rapid, automated analyses (8-11). It has been
applied to separation and characterization of diverse species,
especially polypeptides and proteins (12-16). We recently reported
separations of biosynthetic human insulin (BHI) and human growth
hormone (hGH) from closely related species that could originate as
impurities or as degradation products (15). That paper demonstrated
that the results for the quantitation of the desamido-A21 BHI de-
gradation product in human insulin by CZE were equivalent to results
obtained from reversed-phase high performance liquid chromatography
(RP-HPLC) and polyacrylamide gel electrophoresis. Later papers
reported quantitation of BHI related compounds, the use of CZE for
peptide mapping of a hGH digest (16), identification of peaks in
the hGH digest (17-18), and optimization of the CZE separation
conditions for the hGH digest (18). Another recent paper reports
extensive data on linearity, precision, and limit of detection for
several polypeptides and proteins (19). This paper will describe
how CZE can be used to monitor identity and purity for quality
control of hGH.

Experimental

Reagents and Materials. Biosynthetic hGH, [desamido-Asn-149] hGH,
[didesamido-Asn-149, Asn-152] hGH, and [Met-sulfoxide-14] hGH were
obtained from Eli1 Lilly and Co. (Lilly Research Laboratories,
Indianapolis, IN). Morpholine, 2-[N-morpholino]ethanesulfonic acid
(MES), and 3-[N-morpholino]propanesulfonic acid (MOPS) were purch-
ased from Fisher Scientific Co. (Pittsburgh, PA); tricine was purch-
ased from Sigma Chemical Co. (St. Louis, MO). Tris (hydroxymethyl)
aminomethane (TRIS) was purchased from Bio-Rad Laboratories
(Richmond, CA). Trypsin (TPCK, 267 units/mg protein, 98 percent
protein) was purchased from Cooper Biomedical, Inc. (Malvern, PA).
TRIS-acetate buffer was prepared by adjusting the pH of a 0.05 M
TRIS solution to pH 7.5 with acetic acid. Reagent grade water
obtained from a Milli-Q purification system from Millipore Corp.
(Bedford, MA) was used to prepare all solutions. All other
reagents were analytical grade and were used without further puri-
fication. Polyimide-coated, fused silica capillaries, 50 micro-
meter internal diameter and 360 micrometer outside diameter, were
purchased from Polymicro Technologies, Inc. (Phoenix, AZ).

Methods. The trypsin digestion was carried out according to
reported methods using non-reducing conditions so that both the
correct amino acid sequence and the presence of the correct
disulfide linkages could be confirmed (6). Aliquots of the digest
mixture were frozen (-20°C) for use at a later time. The thawed
digest mixture was injected directly. The concentration of the
analyte in all studies was about 2 mg/mL total protein or 90 uM
for each digest fragment except for fragments 17, 18, and 19 that
will be present at lower concentrations since fragments 17 and 19
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derive from cleavage of fragment 18. Thus, the nominal loading is
about 20 ng of intact species or about 1 picomole of each fragment
in a digest mixture.

The mobile phase used for the CZE separations of the trypsin
digests was 0.1 M tricine and 0.02 M morpholine adjusted to pH
8.15. The mobile phase composition for the linearity and precision
data was 0.01 M tricine, 0.0058 M morpholine, and 0.02 M NaCl ad-
justed to pH 8.0. The mobile phase buffers used to determine peak
shape and electrophoretic mobility vs. pH all contained 0.02 M
NaCl and 0.01 M of the buffer (pH 3.0, citrate; pH 4.0, formic
acid; pH 5.0, acetate; pH 6.0, MES; pH 7.0, MOPS; pH 8.0, tricine;
pH 9.0, borate; and pH 10.0, glycine) and were adjusted to the
indicated pH with acid or base. The column was rinsed with mobile
phase between injections or successively with 0.1 M sodium hydro-
oxide and mobile phase when the mobile phase composition was
changed.

With the exception of the digests, CZE experiments were per-
formed using the same instrumentation as previously described (15)
except that both CZE instruments now include vacuum injection
devices and a constant temperature environment. Electropherograms
of the hGH digests were obtained with a model 270A Applied
Biosystems Inc. (Santa Clara, CA) instrument. Sample volumes were
estimated from the Poiseuille equation. Sample was introduced by
applying vacuum to a capillary that was approximately 100 cm in
length (total) and 80 cm between the point of injection and the
detector., Separation conditions were: 30 kV applied voltage and
25° or 30°C. The components were detected by UV absorbance at
200 nm. Analog data were collected directly from the absorbance
detector on an in-house centralized chromatography computer system
based on a Hewlett-Packard model 1000 minicomputer that has
storage, manipulation, and graphics capabilities.

Results and Discussion

The selectivity achieved in CZE separations is determined by
differences in electrophoretic mobilities of the analytes.

Mobility in the open tubular mode is predominantly related to
charge, shape, and size of the analyte as well as to the properties
of the eluting solvent (9). Thus, the separation of impurities and
degradation products that have similar shapes and sizes will be
determined principally by differences in their net charge (20).
Adjustment of pH to a value near the midpoint of the isoelectric
peint (pI) range of the analytes will tend to maximize their net
charge differences, provided that the proteins are soluble near
their pI. These criteria were met at pH 8 for the intact species.
However, a more complex optimization strategy was followed for the
heterogeneous mixture of peptide fragments produced by trypsin
digestion (18).
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Identity. Peaks in the electropherogram of a tryptic digest of
hGH were identified by a combination of spiking and amino acid
analysis (17-18). After extensive optimization, CZE was shown to
be as good or better in separative power when compared to RP-HPLC
and faster than the corresponding RP-HPLC separation. However,
like RP-HPLC, CZE still could not separate all of the digest frag-
ments with any one separation condition (18). Fortunately, it is
rarely necessary to separate all of the f;zgments since the likely
impurities and degradation products will affect only specific
fragments.

Figure 1 shows the optimized separation of the tryptic digest
for authentic hGH. Note that under certain conditions, fragments
11 and 14 can partially degrade to form new species labelled 11%* and
l4*, respectively. Figure 2 shows the comparision between digests
of hGH and [desamido-Asn-149] hGH. Residue Asn-149 is located in
fragment 15 of the tryptic digest. It contains 13 residues from
position 146 to 158 that have the sequence NH,-Phe-Asp-Thr-Asn-Ser-
His-Asn~Asp-Asp-Ala-Leu-Leu-Lys-COOH. It is &dpparent that fragment
15 of the desamido derivative has shifted to a longer migration
time, consistent with the formation of an additional negative charge
from the conversion of the asparagine amide to an aspartic acid
carboxylate., The change of -1 in the net charge at pH 8 reduces
the mobility of fragment 15 since the negative electrode is located
at the detector end of the capillary. This trend is even more
dramatic in Figure 3, which shows the electropherograms of hGH
and [didesamido-Asn-149, Asn-152] hGH. Fragment 15 of the dides-
amido derivative which contains residues 149 and 152 (see above)
has a change of -2 in the net charge at pH 8 compared to the
corresponding fragment in hGH. Finally, the electropherograms of
hGH and [Met-sulfoxide-14] hGH are given in Figure 4. Residue
Met~14 is located in fragment 2 of the tryptic digest which
consists of the sequence NH,-Leu-Phe-Asp-Asn-~Ala-Met-Leu-Arg-COOH
(positions 9 to 16). In this case, we cannot see a shift in
fragment 2, the location of the oxidized methionine, since there is
no difference in net charge and very little difference in size,
shape, or other parameters that would affect their electrophoretic
migration rates. RP-HPLC is the only technique that has been
successful in separation of the sulfoxide; its presumed separation
mechanism involves a change in hydrophobicity (6).

Potency and purity. Chromatographic methods are frequently used to
measure the quantity of a single active species which is equated to
the potency for most drugs. Related substances may be quantitated
by similar procedures, usually incorporating gradient elution (for
ion exchange or RP-HPLC methods) to insure that all species are
observed. The related substance assay defines the purity of the
material. The performance characteristics of these methods are
crucial for the correct evaluation of potency and purity.
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Figure 1. Electropherogram of hGH digest; elution buffer,
0.1 M tricine, and 0.02 M morpholine, pH 8.15; injection
volume about 9 nL.
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Figure 2. Electropherograms of digests, experimental
conditions given in Figure 1. Location of fragment 15
as indicated. A. hGH, and B. [Desamido-Asn-149] hGH.
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UV Response
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Figure 3. Electropherograms of digests, experimental
conditions given in Figure 1. Location of fragment 15
as indicated. A. hGH, and B. [Didesamido-Asn-149,
Asn~152] hGH.
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Figure 4. Electropherograms of digests, experimental
conditions given in Figure 1. Location of fragment 2 as
indicated. A. hGH, and B. [Met-sulfoxide-14] hGH.
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Method validation includes determination of performance charac-
teristics such as selectivity (which determines accuracy),
linearity, precision, and sensitivity (limit of detection). This
work evaluated linearity, precision, and sensitivity for specific
CZE separation conditions; selectivity was reported previously
(15). Factors that contribute to assay imprecision by affecting
peak shape (such as the pH of the mobile phase) or migration
velocity (pH effects on the electrophoretic velocity) were evaluated
also.

Linearity. The linearity of response was evaluated by varying the
injection volume (changing the sample introduction time while keep-
ing a constant 1.0 mg/mL sample concentration). The injection
volume covered the range of 2.44 nL to 22.0 nL, corresponding to a
1- to 9-second sample introduction time using a vacuum equivalent
to 3.75 inches of mercury. The peak areas obtained from a mixture
of hGH and [desamido-Asn-149] hGH were plotted vs. injection
volume. The linearity was excellent, with observed correlation
coefficients of 0.9998, 0.9997, and 0.9998 for the hGH, desamido,
and total peak areas, respectively. However, a positive
y-intercept was noted for all plots. Subsequent experiments
demonstrated that the positive y-intercept was due to an offset

in the timing circuit. That is, the sample introduction time was
about 0.3 seconds longer than the nominal value, an amount that
approximately corresponded to the offset of 1.3 nL in the
x-intercept. No attempt has been made to extend the range of
linearity for hGH. However, previous work (lﬁ) demonstrated a

wide linear range for biosynthetic human insulin that covered a
factor of 64 in sample concentration and a factor of 9 in injection
time. These results are supported by other work (19) that reported
good linearity for area vs. injection time (volume) and area vs.
concentration over wide ranges.

Precision. The precision of multiple injections was evaluated
using triplicate injections (at each nominal volume) of the same
hGH/desamido hGH mixture that was used for the linearity study
(Table I). The percent of desamido hGH in the mixture was
calculated as the ratio of its peak area to the total peak area;
raw peak areas must be corrected for differences in migration
velocity as previously described (15).

There are several conclusions that can be drawn from these
results. First, the peak areas have a pooled RSD of about 5%, a
value which 1s much better than that expected for densitometric
scanning of electrophoresis gels. Second, note that the standard
deviation of the peak area measurements was essentially independent
of the volume injected. Thus, the relative standard deviation of
the peak area dramatically decreases as the injection volume in-
creases. An injection volume of at least 10 nL is required to
obtain good precision (2-3%, excluding a single poor replicate
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for the desamido area at 10 nlL); larger volumes appear to be even
better, although large volumes adversely affect resolution (10).
The observed precision is comparable to the values we previously
reported for biosynthetic human insulin (16). It also is similar to
independent results obtained using a totally automated system (2.9%
RSD) and much better than that reported for manual injection (11.8%
RSD), both using a hydrodynamic injection technique (21). Finally,
the observed precision for the percent desamido, which is really an
area ratio similar to what would be obtained by comparison to an
internal standard, is excellent for the 10-nL or larger injections.
Although the data are insufficient to make a definitive conclusion,
it suggests that the observed error is comparable to that obtained
from many chromatographic techniques. It also suggests that one of
the predominant sources of error is imprecision in the injection
volume. The error in injection volume was recently characterized
(19). They also reported approximately 1-37 RSD in peak areas for
vacuum injection of various compounds.

An alternative way of examining the above data is presented
in Figure 5, which shows the 3 individual replicates (points), the
average value (line), and the standard deviation (error bar) for
the percent desamido vs. sample volume. It can be observed that

the average percent desamido is invariant with injection volume,
as would be expected. The improvement in precision at high sample
volumes is obvious.

The other aspect of precision is day-to-day reproducibility.
At this time, we have no data on this aspect of the assay perfor-
mance. All of the data discussed above were obtained in sets run
on one day.

Sensitivity. Sensitivity or limit of detection refers to the
minimum amount or minimum concentration of analyte that may be
distinguished from a blank with the desired confidence level. It
is determined by the ratio of the maximum quantity of material that
can be injected onto the column to the minimum amount of material

Table I. Precision of Peak Areas and Desamido Content

Percent
Peak Areas Desamido
Volume hGH DA-hGH Total Content
(nL) SD SD SD RSD SD RSD Ave RSD

R
2.44 560 4.77% 1040 9.1Z 1460 6.2% 48.6%Z 3.9%
4.88 1350 7.0% 520 2.87% 980 2.5%7 49.5% 4.67%
9.77 710  2.0Z 2870 8.1%7 3470 4.97 50.0% 3.27

15.87 1620 3 1.37

21.98 1680 2 0.7%

.07 1490 2.87 2760 2.6% 50.07%
.37 820 1.1Z 2440 1.7%  49.9%

Pooled 1270  4.27% 1580 5.8%7 2400 4.0% 49.67 3.1Z
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that can be detected reliably. The maximum amount of sample is
limited by three factors: (1) sample solubility, (2) electric field
inhomogeneities caused by changes in conductivity associated with
differences between the sample or sample matrix and the separation
buffer, and (3) loss of detector linearity for concentrated
samples. For hGH and the conditions used in this work, field in-
homogeneity (inferred from loss of resolution) occurs at about the
25- to 50-ng level; the other factors are less limiting. At the
other extreme, the minimum amount of sample is determined by the
sensitivity limit of the detector. For our conditions, this is
probably less than about 0.1 ng. Using 0.1 and 25 ng as conserv-
ative estimates of the minimum and maximum quantities, respect-
ively, the dynamic range is 250-fold which corresponds to being
able to observe 0.47 of an impurity in a 25-ng protein sample.
Thus, UV detection at 200 nm provides adequate sensitivity for
detection and measurement of hGH related substances when the sample
solutions are about 1 mg/mL.

The quantity and volume of samples required for impurity de-
termination by CZE are very small; probably less than 5 ul of
volume is required for a well-designed injector, and only a few
nanoliters (i.e., a few nancgrams) are actually injected. However,
it is experimentally simpler if that sample is present in a
relatively concentrated solution, 0.05-2 mg/mL, when UV detection
is being used. Our focus was not to achieve ultra-low detection
limits such as might be required for trace level contaminants or for
quantitation of trace levels of natural products. For those appli-
cations, the most common approach has been the use of a laser-based
detector, preferably combined with a fluorescent label on the
analyte., With this combination, extremely low limits of detection
can be achieved (2, 22-25).

Peak shape and electrophoretic mobility. Changes in the peak shape
of hGH with elution conditions reflect interaction with other
species in solution or with the wall. The change in the electro-
phoretic mobility of hGH with pH is predominately related to
changes in its charge. Either of these factors can affect the
precision of peak area measurements (as well as the selectivity).
Thus, the peak shape and electrophoretic mobility of hGH were
examined over the range of pH 3 to pH 10 at unit intervals except
for pH 5 where it was insoluble (the pH is close to the isoelectric
point). Representative electropherograms are given in Figure 6.
At low pH values, hGH is positively charged and migrates faster
than the neutral marker, mesityl oxide. However, it migrates
slower than the neutral marker at high pH values where it is nega-
tively charged. Our preliminary data indicated acceptable peak
shape in the neutral to moderately basic regiomns (pH 6 to 9) and
relatively poorly shaped peaks in the moderately acidic regionms.
Since peak shape and selectivity were good near pH 8, the precision
and linearity data were obtained at that pH.

The plot of electrophoretic mobility vs. pH is given in
Figure 7. This plot is analogous to a charge-pH titration curve.
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Figure 5. Percent [Desamido-Asn-149] hGH vs. injection
volume; elution buffer, 0.0l M tricine, 0.0058 M
morpholine, and 0.02 M NaCl, pH 8.0. Replicate values
(points), average value (line), and standard deviation
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Figure 6. Electropherograms of hGH at selected pH values.
A. pH 9.0, B. pH 6.0, and C. pH 4.0. Buffer composi-
tions are given in text; MOX is mesityl oxide.
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A smooth curve is obtained which indicates a reasonable migration
velocity whose value is relatively independent of pH near pH 8.
Although the pH 5 value is missing as noted above, the interpolated
curve crosses the velocity axis at about pH 5.25, essentially
identical to the accepted pI value of 5.2 where the electrophoretic
velocity is expected to be zero. (However, the net velocity at all
pH values is towards the detector due to the presence of electro-
osmotic flow.)

Conclusion

Capillary electrophoresis has been demonstrated to be useful in
monitoring the identity and purity of hGH. CZE is capable of
discrimination between hGH and several closely related impurities
and degradation products, either as the intact species (previous
work) or as the trypsin digests (this work). Thus, it is an
important adjunct to conventional methods, such as RP-HPLC of
digests or conventional electrophoresis of intact proteins, for
the identification of hGH. CZE possesses adequate sensitivity to
monitor minor impurities; it is comparable to RP-HPLC with respect
to linearity and precision. Samples with a volume of at least 10
nanoliters will provide acceptable precision; those that contain
an internal standard will provide the best precision. The peak
area response is linear; it is possible to extend linearity by
increasing concentration as long as the contribution of the sample
and its matrix to field inhomogeneities is minimized. The work
shows that CZE has potential to be useful in the quality control
of proteins such as hGH.
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Chapter 3

Analysis of Cyclic Nucleotides by Capillary
Electrophoresis Using Ultraviolet Detection

Luis Hernandez!, Bartley G. Hoebel, and Noberto A. Guzman®*

!Department of Physiology, School of Medicine, Los Andes University,
Merida, Venezuela
IDepartment of Psychology, Princeton University, Princeton, NJ 08540
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Capillary electrophoresis, a powerful high-efficiency
high-resolution analytical technique, was used for the
separation and characterization of cyclic-AMP, cyclic-
GMP, and cyclic-IMP. Reproducibility, linear-ity, and
spectral analysis were tested. The results shows that
capillary electrophoresis is a reliable technique used
to resolve and quantitate sub-picomole amounts of a
mixture of cyclic nucleotides.

Cyclic nucleotides are purinic base derivatives with powerful
biological activity. It is widely accepted that cyclic nucleotides
mediate many of the intracellular biochemical events triggered
by neurotransmitters and hormones (1,2). Therefore, the
analysis of these compounds carries special relevance in
biological sciences. @A wide variety of techniques has been
developed for cyclic nucleotide assays including binding to
phosphokinase (3,4) or to antibodies (5); activation of enzymes
(6); or separation techniques such as thin layer chroma-tography
(7) and high-performance liquid chromatography (8-14).
However, each of these techniques have some limitations,
including the complexity of the assay or the volumes needed to
reach a reasonable sensitivity. The emergence of capillary
electrophoresis (CE) has gradually begun to solve problems in
which the handling of low nanoliter samples and low concen-

4Current address: Roche Diagnostic Systems, Inc., 340 Kingsland Street, Nutley, NJ 07110-1199

0097—6156/90/0434—0050$06.00/0
© 1990 American Chemical Society

In Analytical Biotechnology; Horvéth, C., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



3. HERNANDEZETAL.  Analysis of Cyclic Nucleotides 51

trations (subfemtomole quantities) is necessary. In this tech-
nique, a high voltage electric field provides the driving force to
move the chemicals (and their separation is performed as they
move) through a small bore capillary tube (15-17). Capillary
electrophoresis offers a high number of theoretical plates which
improves resolution, and since it works with small volumes it
might detect small (mass) amounts of cyclic nucleotides. There-
fore, we explored the application of CE to the analysis of some
cyclic nucleotides. Our long term goal is to combine brain
perfusion techniques (such as push-pull and microdialysis) with
CE (18-20) (to elucidate the chemical changes underlying brain
functions). In the present paper we show that the resolution and
analysis of cyclic nucleotides by CE with ultraviolet (UV)
detection is feasible in the picomole range.

EXPERIMENTAL SECTION

Instrumentation. The CE apparatus used here was similar to
the one previously described (17,21,22). It has a capillary
bridging two reservoirs connected to a high-voltage power
supply (Spellman High Voltage Electronics Corporation,
Plainview, New York). It also has a computerized system for
sample injection and analysis, using a modified on-column
ultraviolet detection system (EM Science-Hitachi, Gibbstown, New
Jersey). One reservoir is a 1 ml disposable microcentrifuge tube,
and the other a 50 ml plexiglass beaker. The capillary column
(externally coated with the polymer polyimide) used has the
following dimensions: 75 pm id., 300 pm e.d., and 100 cm long
(Scientific Glass Engineering, Austin, Texas). A small area of the
capillary (about 1 cm) was stripped of the coating (by burning)
at approximately 55 cm from the high voltage or injection
terminal. This uncoated section was placed in an aligned position
with the path of the ultraviolet light beam of the detector. The
high voltage power supply provided constant voltage and
variable current, applying 10 kV for 15 sec (for electrokinetic
loading of the sample), and 22 kV for 30 min (for moving the
sample through the capillary). The electrodes are platinum-
iridium wires. The high voltage (positive) electrode and one end
of the capillary are connected to a motorized (and computer-
controlled) arm which lowered them into the vessel containing
the sample. The field polarity between the ends of the capillary
could be switched to run the zones backward and forward (re-
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peatedly) for spectral analysis. The on-column detector was
modified to accept the capillary rather than a cuvette. The
modified system allowed rapid change of the capillary column
while preserving its correct position within the optic chamber.
Keeping careful operating conditions will prolong the life of a
capillary column and will insure highly reproducible values of
the samples to be analyzed. A cleaning procedure was used
(after the analyses of ten samples), consisting of purging the
capillary column with potassium hydroxide, rinsing with
deionized water, and aspirating and priming the capillary with
buffer (before a new cycle starts).

Reagents. Cyclic nucleotides (3',5'-cyclic adenosine mono-
phosphate (c-AMP), 3',5'-cyclic guanosine monophosphate (c-
GMP), and 3',5'-cyclic inosine monophosphate (c-IMP)); sodium
tetraborate; hydrochloric acid; and potassium hydroxide were
purchased from Sigma Chemical Company, St. Louis, Missouri).
Millex disposable filter units (0.22 um) were obtained from
Millipore Corporation (Bedford, Massachusetts). Triply distilled
and deionized water was used for the preparation of buffer
solutions.  Both buffers and samples were routinely degassed
with helium after filtration (using microfilter units).

Methods. A 0.05 M sodium tetraborate buffer, pH 8.3, adjusted
with 1 N HCI, was used as the electrophoretic buffer solution.
Negative pressure from a vacuum pump was used to prime the
capillary. This pump was temporarily connected to the capillary
by means of a modified hypodermic needle and a piece of
polyethylene tubing. After the filling of the capillary column, its
two ends were immersed in the reservoirs, and nucleotide
samples were analyzed by open-tubular free-zone capillary
electrophoresis. Each nucleotide was tested for reproducibility,
linearity, and stability (at room temperature). In addition,
spectral analysis was performed. Reproducibility of the system
was tested by injecting ten samples of the same solution. The
peak height and the retention time were measured, averaged,
and the dispersion of the values was calculated. An estimate
percent error for each of these measurements was obtained by
dividing their confidence limits (standard deviation) by each
mean and the results multiplied by 100 (coefficient of variation).
The confidence limits for peak height and migration time were
calculated assuming a "t" distribution. Linearity was tested by
injecting 6 or 7 different concentrations of each nucleotide, and a
regression analysis was used (to estimate that the values fit to a
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straight line).  Stability at room temperature was tested by
running each nucleotide for the first three hours, then every two
hours over a six hour period and at the 22nd hour. The spectral
analysis of ultraviolet (light) response was performed by
alternating the field polarity to run the sample zone (containing
the nucleotide) backward and forward through the detector at
different wavelengths. Finally, the three nucleotides were mixed
together at equimolar concentrations and separated by capillary
electrophoresis to test the resolution of this powerful technique.

RESULTS AND DISCUSSION

As shown in Table 1, the average and the dispersion of the
absorbance, and the retention time of each nucleotide is
compared. The three graphs in Figure 1 show that the optical
absorbances of the samples were linearly related to the
concentration of the different nucleotides. The regression
analysis of the samples showed an almost perfect fit for linearity
in the range of 40 UM to 4 mM concentration. The fact that the
slope of cAMP regression line was higher than the slope of c-GMP
or c-IMP is probably due to their differences in light absorbance
at the low UV range (for example, at 210 nm c-AMP absorbes
more UV light than the other nucleotides). The stability test
showed that ¢c-AMP and c¢-GMP were stable at room temperature
(data not shown), but c-IMP degraded at a constant rate (Figure
2). The spectral analysis shows that between 180- and 290-nm
the three nucleotides have a bimodal absorption curve (Figure 3).
The wavelength range for maximal absorption was slightly
different for the three nucleotides. Cyclic-AMP absorbance
reached a maximum between 200- and 210-nm, and another
between 250- and 260-nm. Cyclic-GMP absorbance was maximal
between 180- and 190-nm, and between 240- and 250-nm.
Cyclic-IMP absorbance was maximal between 190- and 200-nm,
and between 230- and 240-nm. As a consequence the spectrum
of ¢c-AMP was displaced toward the right with respect to the
spectra of ¢-GMP and c-IMP. The mixture of the three
nucleotides was resolved as shown in Figure 4. The nucleotides
migrated in the following order: ¢-AMP, ¢c-GMP, and c-IMP.

The present results show that cyclic nucleotides can be analyzed
by capillary electrophoresis and ultraviolet detection. The three
nucleotides (two of which have been detected in living organ-
isms) showed different migration times and UV spectra.
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TABLE 1. Reproducibility of Migration Time and Ultraviolet
Absorbance of Cyclic Nucleotides

Cyclic Nucleotide Absorbance Percent Migration  Percent

(AU x 102 Error Time (sec) Error
c-AMP 13.3 £ 0.3 2.3 1119 £ 3 0.3
c-GMP 8.1+0.2 2.5 1163 £ 3 0.3
c-IMP 92 +0.3 3.3 1280 £ 3 0.2
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Figure 1. Relationship between nucleotide concentration
and UV absorption (top curve: c-AMP, middle
curve: ¢-GMP, and bottom curve: c-IMP).
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Figure 2. Time Course of Spontaneous Degradation of c-IMP.
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These features allow good separation and identification of these
nucleotides.  Capillary electrophoresis showed excellent linearity
between 0 and 40 mM concentration. Considering that in the
present conditions the capillary electrophoresis apparatus can
load approximately 4 nl, we estimate that the assay is linear
between 0 and 160 picomoles. The fact that the zone containing
a particular nucleotide is not deformed after successive runs
permits rapid spectral analysis in a mixture of nucleotides by
reversing the field polarity. This is particular important for
unstable nucleotides such as c-IMP.
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Chapter 4

On-Column Radioisotope Detection
for Capillary Electrophoresis

Stephen L. Pentoney, Jr.!3, Richard N. Zare!, and Jeff F. Quint?

!Department of Chemistry, Stanford University, Stanford, CA 94305
2Advanced Development Unit, Beckman Instruments, Inc.,
Fullerton, CA 92634

Three on-line radioactivity detection schemes for
capillary electrophoresis are described. The first
detector system utilizes a commercially available
semiconductor device positioned external to the
separation channel and responding directly to impinging
v or high-energy g radiation. The second detector
system utilizes a commercially available plastic
scintillator material and a cooled photomultiplier tube
operated in the photon counting mode. The third
detector system utilizes a plastic scintillator material
and two room-temperature photomultiplier tubes operated
in the coincidence counting mode. The system
performance and detector efficiency are evaluated for
each of the detection schemes using synthetic mixtures
of 32P-labeled sample molecules. The detection limits
are determined to be in the low nanocurie range for
separations performed under standard conditions (an
injected sample quantity of 1 nanocurie corresponds to
110 x 107'® moles of 32P). The lower limit of detection
is extended to the sub-nanocurie level by using flow
(voltage) programming to increase the residence time of
labeled sample components in the detection volume. The
separation of 32P-labeled oligonucleotide mixtures using
polyacrylamide gel-filled capillaries and on-line
radioisotope detection is also presented. When desired,
the residence time can be made almost arbitrarily long
by freezing the contents of the capillary, permitting
autoradiograms to be recorded. This last technique is
applied to gel-filled capillaries and provides a
detection sensitivity of a few DPM per separated
component, corresponding to subattomole amounts of
radiolabel.

3Current address: Advanced Development Unit, Beckman Instruments, Inc.,
Fullerton, CA 92634
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The highly efficient separations afforded by capillary
electrophoresis (CE) are a direct result of employing extremely
narrow separation channels. Effective dissipation of heat generated
by the passage of electrical current through the separation medium
occurs only when the ratio of capillary inner surface area to
internal volume is sufficiently large (typically 10* to 10®* m™?).
For this reason capillary tubes with internal diameters ranging from
10 pgm (1) to 200 um have been selected for CE separations.

Early in the development of capillary electrophoresis, it was
noted that the successful detection of separated sample components
present within the narrow confines of these capillary tubes posed a
major challenge (2). In response to this challenge, much research
has been directed toward the development of sensitive and selective
detectors for capillary electrophoresis. CE detector technology has
been largely borrowed from the field of high-performance liquid
chromatography (HPLC), especially from micro-column HPLC.

Successful extension of the various HPLC detection schemes to
capillary electrophoresis has generally involved miniaturizing
existing technology while striving for improved sensitivity.

Radioisotope detection is used widely in HPLC but has received
little attention in capillary electrophoresis applications (3-6).
The availability of an on-line radioisotope detector for CE is
especially appealing for several reasons. First, state-of-the-art
radiation detection technology offers extremely high sensitivity.
Second, radioisotope detection affords unrivaled selectivity because
only radiolabeled sample components yield a response at the
detector. Third, the radiolabeled molecule possesses the same
chemical properties as the un-labeled molecule, thereby permitting
tracer studies. Fourth, radioisotope detection can be directly
calibrated to provide a measurement of absolute concentration of the
labeled species. Finally, a capillary electrophoresis system in
which radiocactivity detection is coupled with more conventional
detectors adds extra versatility to this new separation technique.

Radioisotope detection of %2P, 14C, and ?°Tc was reported by
Kaniansky et al. (7,8) for isotachophoresis. 'In their work,
isotachophoretic separations were performed using fluorinated
ethylene-propylene copolymer capillary tubing (300 um internal
diameter) and either a Geiger-Mueller tube or a plastic
scintillator/photomultiplier tube combination to detect emitted B
particles. One of their reported detection schemes involved passing
the radiolabeled sample components directly through a plastic
scintillator. Detector efficiency for 14C-labeled molecules was
reported to be 13-15%, and a minimum detection limit of 0.44 nCi was
reported for a 212 nL cell volume.

Altria et al. reported the CE separation and detection of
radiopharmaceuticals containing °°™Tc, a y emitter with a 6-hour
half-life (3, see also 10). Their design involved passing a
capillary tube (= 2 cm long) through a solid block of scintillator
material and detecting the light emitted as technetium-labeled
sample zones traversed the detection volume. Unfortunately,
detection limits and detector efficiency were not reported.
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We report here the design and characterization of three
simple, on-line radioisotope detectors for capillary
electrophoresis. The first detector utilizes a commercially
available semiconductor device responding directly to vy rays or B
particles that pass through the walls of the fused silica separation
channel. A similar semiconductor detector for y-emitting
radiopharmaceuticals separated by HPLC was reported by Needham and
Delaney (11). The second detector utilizes a commercially available
plastic scintillator material that completely surrounds (360°) the
detection region of the separation channel. Light emitted by the
plastic scintillator is collected and focused onto the photocathode
of a cooled photomultiplier tube. Alternatively, a third detection
scheme utilizes a disk fashioned from commercially available plastic
scintillator material positioned between two-room temperature
photomultiplier tubes operated in the coincidence counting mode.
This third scheme maintains favorable collection geometry (360°)
while minimizing detector background noise by electronically
rejecting non-coincident photomultiplier pulses. The detectors
described in the present work are applicable to both high-energy B
emitters and vy emitters. We report here on their application to the
detection of %?P-labeled molecules separated by capillary electro-
phoresis.

Experimental Section

On-Line Radiocactivity Detectors. Our first on-line radioactivity
detector (see Figure 1) consisted of a model S103.1/P4
spectroscopic-grade cadmium telluride semiconductor detector and a
model CTC-4B radiation counting system (Radiation Monitoring
Devices, Inc., Watertown, MA). The cadmium telluride detector probe
consisted of a 2-mm cube of CdTe set in a thermoplastic and
positioned behind a thin film of aluminized mylar at a distance of
approximately 1.5 mm from the face of an aluminum housing (see
Figure 1). A Pb aperture (2 mm wide, 0.008 inch thick) shielded the
CdTe detector element from radiation originating from regions of the
capillary adjacent to the detection volume. The aluminum housing
incorporated a BNC-type connector that facilitated both physical and
electrical connection to a miniature, charge-sensitive preamplifier.
The CdTe probe and preamplifier assembly were mounted on an x-y
translation stage and the face of the aluminum housing was brought
into direct contact with the polyimide-clad fused-silica
capillary/Pb aperture assembly. The CdTe detector was operated at
the manufacturer’s suggested bias voltage of 60 V and the detector
signal (the creation of electron-hole pairs produced as B particles
were decelerated within the semiconductor material) was amplified by
the charge-sensitive preamplifier and sent through a six-foot cable
to the counting and display electronics of the CTC-4B counting unit.
Although the CTC-4B is capable of room-temperature energy
discrimination, all experiments reported here were performed with a
relatively large energy window. The upper energy discriminator
setting was 1 MeV (the maximum setting for the CTC-4B) and the low
energy setting was 0.01 MeV.

The CdTe radioactivity detector was computer interfaced to a
laboratory microcomputer (IBM PC-XT) by using the open collector
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Figure 1. Experimental setup of the capillary
electrophoresis/radioisotope detector system. The inset
shows the positioning of the CdTe probe with respect to the

capillary tubing. The 2-mm Pb aperture is not shown in this
illustration.
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output of the CTC-4B counting unit. The open collector output was
tied high by way of a 1-KQ pull-up resistor so that the unit
provided a negative-going TTL pulse for each count measured. This
TTL signal was sent to a photon counter (model 1109, EG&G Princeton
Applied Research, Princeton, NJ) and counting intervals (typically 1
second) for run-time data acquisition were preselected by way of
front-panel thumbwheel switches on the photon counter. The binary
coded decimal (BCD) output of the photon counter was read at the end
of a preset counting interval (strobe sent by the 1109 counter) by a
laboratory microcomputer (IBM PC-XT) using a 32-bit digital 1/0
board (Model DT2817, Data Translation, Inc., Marlboro, MA). Data
acquisition and storage were accomplished using software written in-
house (BASIC). Migration times and peak widths reported here were
determined manually from scale-expanded portions of the recorded
electropherograms.

Our second on-line radioactivity detector consisted of a
plastic scintillator material (BC-400, Bicron Corp., Newbury, OH)
that was machined from l-inch-diameter rod stock into a 5/8-inch-
diameter (front face) solid parabola (see Figure 2). A special
rotating holder was constructed for the plastic scintillator and the
curved outer surfaces were coated by vacuum deposition with a thin
film of aluminum in order to reflect the emitted light toward the
front face of the scintillator. A detection length of 2 mm was
defined within the parabola by aluminum mounting rods (0.250 inch
outer diameter) that were press-fit (coaxial to the separation
capillary) in the sides of the scintillator, as illustrated in
Figure 2.

As radiolabeled sample passed through the detection region,
the scintillator emitted light, which was collected and focused onto
the photocathode of a cooled photomultiplier tube (Centronic # 4283)
by a condenser lens combination (Physitec, # 06-3010, focal length
16 mm). Photon counting was accomplished using a Model 1121A
discriminator control unit and a Model 1109 photon counter (EG&G
Princeton Applied Research). The background count rate observed
under typical operating conditions for this system was approximately
12 counts per second.

Our third on-line radioactivity detector consisted of a
modified HPLC radioisotope detector ( Model 171 Radioisotope
Detector, Beckman Instruments, Inc., Palo Alto, CA). The standard
HPLC flow cell was removed and the unit was modified for use as a
capillary electrophoresis detector, as illustrated in Figure 3. A
2-mm-wide disk of the plastic scintillator material surrounded the
detection region of the separation capillary and was positioned
between two photomultiplier tubes operated in the coincidence
counting mode. For all experiments reported here, the coincidence
gate was 20 nanoseconds. In this manner, most of the random
background pulses associated with the two room temperature
photomultiplier tubes were rejected. A large number of photons were
emitted isotropically for each 8 particle decelerated within the
scintillator material and a burst of light was thereby sensed at
both of the photomultiplier tubes within the gated time interval.
The background count rate of the modified coincidence detector used
in this work was approximately 30 counts per minute. Data from this
detector was acquired and analyzed using the Chromatographics
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Figure 2. Exploded diagram of the plastic scintillator
radioisotope detector. The fused silica capillary is
exposed to a 2-mm section of the plastic scintillator
located between the press-fit aluminum mounting rods.
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Figure 3. Exploded diagram showing the design of the
coincidence radioisotope detection scheme. The fused-silica
capillary is exposed to a 2-mm length of plastic
scintillator material located between two photomultiplier
tubes operated in the coincidence counting mode.
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software package (Beckman Instruments, Inc.). Both of the optical
detection systems yielded a large response (at the onset and
completion of each separation), which was associated with the
application or termination of high voltage. The magnitude of this
response was dependent upon the length of time that the system was
held at zero potential between runs, with longer zero potential
periods corresponding to larger responses at the onset of voltage.
Although the cause of this response is not yet fully understood,
the signal was observed to damp out within the first 1-2 minutes of
a run, and therefore posed no interference to the separations
reported here.

Apparatus. The experimental setup of the home-built capillary
electrophoresis system was similar to that described previously
(12,13) and is illustrated in Figure 1. For the semiconductor
detector, a 2-mm section of a fused-silica capillary tube (100 um
internal diameter, 365 um outer diameter, 100 em long, TSP 100/365,
Polymicro Technologies, Inc.) was exposed to the CdTe semiconductor
by placing the Pb foil aperture directly between the face of the
detector housing and the fused silica capillary at a distance of 75
cm from the inlet end of the capillary tube. For the parabolic
plastic scintillator detector, a 2-mm section of a fused-silica
capillary (100 um internal diameter, 140 cm long) was exposed to the
scintillator by passing the capillary through a 400-um hole drilled
through the aluminum mounting rods and the central 2-mm portion of
the parabola at a distance of 75 cm from the capillary inlet. For
the coincidence detection scheme a 2-mm section of fused-silica
capillary (100 pm internal diameter, 100 cm long) was exposed to the
plastic scintillator disk by passing the capillary through a 400-um
hole drilled through both the aluminum shields and the disk itself.
The length of capillary extending from the inlet to the detection
region was 55 cm in the efficiency experiments reported here. This
resulted in a detection volume of approximately 15 nL for each of
the three detectors.

Each end of the capillary tubing was dipped into a 4-mL glass
vial containing approximately 3 mL of electrolyte-buffer solution.
A strip of Pt-foil submersed in each of the buffer reservoirs
provided connection to high voltage. Plexiglass shielding (0.25 in
thick) was placed around the inlet buffer reservoir because the top
of this vial was quickly contaminated by sample solution carried on
the outside of the capillary tube during the sample injection
procedure. This contamination, if unshielded, lead to unnecessary
operator exposure to radiation.

The current through the system was monitored as a potential
drop across a 1-Ki resistor in the circuit. The capillary system
and detector were enclosed in a Plexiglass box to prevent operator
exposure to high voltage. Electroosmotic flow rates for free-
solution separations reported here were measured in a manner similar
to that described by Huang et al. (l4). The capillary tube was
filled with running buffer diluted by 10%, the buffer reservoirs
were filled with running buffer, and the current was monitored as
one tubing volume was displaced by supporting buffer under the
influence of the applied potential. Sample introduction in all
free-solution separations reported here was accomplished by
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hydrostatic pressure. Electrokinetic sample introduction was used
for all capillary gel separations.

The high-voltage power supply (Model MG30N100, Glassmann High
Voltage, Whitehouse Station, NJ) was continuously programmable from
0 to -30 kV by means of an external 0-to-10-volt DC signal. The
flow-programming experiments reported here were accomplished by
manually reducing the program voltage to the high-voltage supply.

Reagents. Aqueous ethanol solutions of the triethylammonium salts
of adenosine-5‘-[a-32P]triphosphate (a-32?P ATP), adenosine-5'-[vy-
32p]triphosphate (y-32P-ATP), thymidine-5'-[a-%2P]triphosphate (a-
32p-TTP), cytidine-5'-[a-32P]triphosphate (a-32P-CTP), and
guanosine-5'-[a-32?P]triphosphate (a-3?P-GTP) were purchased from
Amersham (Arlington Heights, IL). Radioactive sample concentrations
reported for detector efficiency determination were adjusted from
the manufacturer’s specifications after subjecting several diluted
aliquots of the stock solution to liquid scintillation counting.
The concentration was further corrected for radiochemical purity
according to the manufacturer’'s specifications because liquid
scintillation counting measures the total sample activity and does
not account for the presence of radiolabeled impurities. Stock
solutions were stored at -15°C or -20° C in order to minimize sample
loss due to hydrolysis. Injected sample solutions were prepared in
0.25 mL plastic vials by diluting stock solutions with buffer or
deionized water and were also stored at -15° C or -20° C.

The supporting electrolyte for all free-solution separations
reported here was a borate buffer (pH 8.1 or 8.26, 0.10 M or 0.20
M), prepared from reagent-grade sodium borate decahydrate and boric
acid (J.T Baker).

For the preparation of gel-filled capillaries, a solution
consisting of 50 mM tris, 50 mM boric acid, and 7 M urea (pH = 8.3)
was used both to prepare the gel and as the running buffer. For
some of the gel-filled capillaries used in this work, the buffer
also contained 3% PEG 20,000 (15) (Fluka Chemical Corp., Ronkonkoma,
NY). The fused-silica capillaries were rinsed with 1 N HCl, 1IN
NaOH, and then methanol. A 1:1 mixture of
methacryloxypropyltrimethoxysilane and methanol was introduced into
the capillary (100 or 75 um internal diameter) by syringe and
allowed to sit at room temperature for at least 3 hours. The
acrylamide/crosslinker (N, N’ methylenebisacrylamide) solution was
prepared in 10 ml of running buffer to yleld a gel composition of
either 7% T, 3% C, or 6% T, 5% C. To initiate polymerization, 2-5
sl aliquots of 10% solutions of both ammonium persulfate (APS) and
N,N,N’ ,N’-tetramethylethylenediamine (TEMED) were added to 1 mL of
the monomer solution. The monomer solution was then quickly
introduced into the capillary by syringe and left at room
temperature overnight for complete polymerization. Once
polymerization was complete, care was taken to keep the capillary
ends submerged in buffer at all times in order to prevent the gel
from drying out.

The oligonucleotide samples described here were labeled at the
5' end according to the following procedure. Approximately 0.5 OD
of oligomer sample was combined with 5 uL of ¥-32P ATP (10 mCi/ml,
5000 ci/mmole, Amersham), 5 uL of 10x kinase reaction buffer
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(Amersham), and 2 uL of kinase. The total solution volume was
adjusted to 50 uL by the addition of HPLC grade water. The solution
was gently mixed and allowed to react at 37° C for one hour. At the
end of this period, the labeled oligomer sample was isolated from
unincorporated y-32P ATP by either ethanol precipitation or by size
exclusion chromatography using Sephadex G-25. The labeled oligomer
was then lyophilized and dissolved in an appropriate volume of
deionized water before being electrokinetically injected into the
gel-filled capillaries.

Results and Discussion
The process of B decay for 32P can be written as (16),

32 32 _
P - S + p + v (1)
15 16

where B~ represents the negatively charged S particle and v is the
antineutrino. 32P is an example of a "pure S emitter" that
populates only the ground state of the product nucleus. Each §-
decay transition is characterized by a fixed decay energy shared
between the B particle and the antineutrino. As a result, the 8
particle is emitted with an energy that varies from decay to decay
and ranges from zero to the "f end-point energy," which is
numerically equal to the transition decay energy. A S-energy
spectrum for 32P shows a maximum particle energy of 1.7 MeV and an
average particle energy of approximately 0.57 MeV. The penetrating
ability of B8 particles through various media may be obtained from
literature range-energy plots in which the product of particle range
and medium density ("mass thickness") is plotted against particle
energy. Such plots are especially useful because they may be used
to predict the penetration length at a given particle energy in
media other than that used to obtain the original plot (l6). From
such plots, one would predict that the average B particle energy (=
0.57 MeV) produced by decay of 3%P would correspond to a range of
approximately 2000 um in water and approximately 950 pm in fused
silica. Thus, 32?P decay would be detectable by a sensitive device
positioned external to the fused silica capillary tubing (of the
dimensions normally selected for capillary electrophoresis
separations).

Successful detection of 32P-labeled molecules separated by
capillary electrophoresis using the above detection schemes, in
which a sensor was positioned external to the separation channel,
was made possible by several factors. These included (1) the large
energy associated with 8 decay of 2P (1.7 MeV), (2) the high
sensitivity and small size of commercially available semiconductor
detectors, (3) the availability of efficient solid scintillator
materials and sensitive photomultiplier tubes, (4) the short lengths
of fused silica (capillary wall thickness) and aqueous electrolyte
through which the radiation must pass before striking the detector,
and (5) the relatively short half-life of %2P (14.3 days).

Because the CdTe detector was not visible through the
aluminized mylar film, it was necessary to check for proper
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alignment of the capillary tube with respect to the CdTe cube. This
was accomplished by filling the detection volume with radioactive
material and monitoring the signal level as the detector was
translated with respect to the capillary. The observed signal was
not very sensitive to positioning when the capillary was offset over
a range of * 1.5 mm from the center of the aluminum housing but
dropped off rapidly at greater distances. All experiments reported
here were performed with the capillary positioned at the center of
the aluminum housing, as indicated in Figure 1.

Detector Effjciency. In order to calculate the efficiency of the
on-line radiocactivity detectors for 32P, it was necessary to
determine the volume of sample injected onto the capillary tube by
the gravity-flow technique. The volume of sample introduced by
hydrostatic pressure was determined as follows: A plug of 32P-
labeled ATP was introduced onto the capillary by raising the sample
vial above the high-voltage reservoir for a carefully timed
interval. The end of the capillary was then returned to the anode
reservoir and electrophoresis was performed for 5 minutes at high
voltage. This 5-minute high-voltage period served to transfer the
sample plug toward the detector and away from the injection end of
the capillary as if an actual separation were being performed. At
the end of the 5-minute period the voltage was switched off and the
electrolyte within the capillary tube was driven, via syringe, into
a liquid scintillation vial located beneath the capillary outlet.
This process was continued until approximately 8 capillary volumes
of electrolyte were collected. The collected sample plugs were
mixed with scintillation cocktail and subjected to liquid
scintillation counting. The injection volumes were determined by
relating the activity of the sample plugs to that of the injected
sample solution. The injection volumes and repeatability of the
manually performed hydrostatic injections for the three detector
efficiency determinations are shown in Tables I, I1I, and III.

Table I. Injection Data for CdTe Radioisotope
Detector CE System

Injection No. DPM
101885
110449
101884
111375
103512
113018
109432
104581
106740
0 107357
Average 107023
Std. Dev. 3996
% RSD 3.7
Injection Volume 84 nlL
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Table II. Injection Data for Plastic Scintillator
Radioisotope Detector CE System

Injection No. DPM
89732
95220
90353
94939
90564
90039
94648
96628
95212
0 93150
Average 93049
Std. Dev. 2621
% RSD 2.8
Injection Volume 72 nL

WO NN B WN -

Table III. 1Injection Data for Coincidence
Radioisotope Detector CE System

Injection No. DPM
37167
38220
40071
39010
32237
36784
35845
36032
35606
0 36767
Average 36773
Std. Dev. 2146
% RSD 5.8
Injection Volume 60 nL

= WO W

Replicate capillary electrophoresis runs were made in which a
standard solution of 32P-labeled ATP was injected into the
capillary. The results are shown in Tables IV, V, and VI. These
tables list the migration time, peak area, residence time, and
detector efficiency. Representative electropherograms corresponding
to the three detector efficiency determinations and the conditions
under which the separations were performed are shown in Figures 4,
5, and 6. The efficiencies reported in the tables were calculated
using the following equation:

NOC = (DPHpeak)(Residence Time) {Efficiency)

- (DPMpeak)(Detector Length/Zone Velocity){Efficiency), (2)
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Figure 4. Capillary electropherogram of adenosine-5'-[a-
32p] triphosphate obtained by injecting approximately 51 nCi
(7 x 107® M solution) onto the capillary and applying a
constant potential of -20 kV. The separation was
continuously monitored using the CdTe semiconductor
radioisotope detector. Data were subjected to a 5-point
sliding smooth. Electrolyte was 0.2 M borate buffer, pH =
8.1.
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Figure 5. Capillary electropherogram of adenosine-5’'-[a-
32p] triphosphate obtained by injecting approximately 38 nCi
(6 x 10°% M solution) onto the capillary and applying a
constant potential of -25 kV. The separation was monitored
using the parabolic plastic scintillator radioisotope
detector. Data were subjected to a 5-point sliding smooth.
The electrolyte was the same as in Figure 4.
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Figure 6. Capillary electropherogram of adenosine-5'-[vy-
32p) triphosphate obtained by injecting approximately 25 nCi
(6 x 107® M solution) onto the capillary and applying a
constant potential of -25 kV. The separation was monitored
using the coincidence radioisotope detector.
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where "NOC" represents the number of observed counts integrated over
a peak, "DPM__.." represents the number of radioactive
transformations occurring each minute in the injected sample plug,
"Residence Time" is the amount of time (in minutes) a radioactive
molecule within a given sample zone spends in the detection volume,
and "Efficiency” is the fractional number of events sensed by the
detector. The efficiencies for the on-line detectors described here

Table IV. CdTe Radioisotope Detector Efficiency Data

Run Elution Time, Peak Area, Residence Time, Efficiency
nins counts mins
1 18.33 1519 0.049 27.6%
2 17.96 1372 0.048 25.4%
3 18.30 1461 0.049 26.5%
4 18.07 1511 0.048 28.0%
5 17.98 1407 0.048 26.1%
6 17.48 1601 0.047 30.3%
7 17.76 1197 0.047 22.7%
8 17.32 1195 0.046 23.1%
9 17.91 1392 0.048 25.8%
10 17.37 1266 0.046 24.5%
11 17.77 1359 0.047 25.7%
av 17.84 1389 26.0%
sd 0.34 132 2.2%
$RSD 1.9 9.5 8.4%

Table V. Parabolic Radioisotope Detector Efficiency Data

Run Elution Time, Peak Area, Residence Time, Efficiency
mins counts mins
1 20.65 3375 0.055 72.7%
2 20.62 3088 0.055 66.5%
3 20.55 3119 0.055 67.2%
4 20.54 3091 0.055 66.5%
5 20.69 2953 0.055 63.6%
6 20.84 2881 0.056 60.9%
7 21.22 2883 0.057 59.9%
8 21.00 2952 0.056 62.4%
9 20.84 3213 0.056 67.9%
10 20.88 3122 0.056 66.0%
av 20.78 3068 65.4%
sd 0.22 156 3.8%
$RSD 1.06 5.07 5.8%

are largely a function of detector collection geometry, i.e.,
positioning of the CdTe probe or plastic scintillator with respect
to the capillary. Note that the residence time within the detector
must be determined for each component in a mixture because separated
sample zones travel with different velocities according to their
individual electrophoretic mobilities. This is in sharp contrast to
radio-HPLC detection, in which the residence time for each sample
component is the same and is given by the ratio of the detector cell
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volume to the mobile phase flow rate. The residence time for a
particular sample component separated by capillary electrophoresis
is =asily obtained from its migration time and from the length of
capillary to which the detector is exposed.

Table VI. Coincidence Radioisotope Detector Efficiency Data

Run Elution Time, Peak Area, Residence Time, Efficiency
mins counts mins
1 11.52 2236 0.042 103%
2 11.58 2196 0.042 101%
3 11.87 2031 0.043 92%
4 11.65 2277 0.042 105%
5 11.58 2237 0.042 103%
6 11.45 1966 0.042 91%
7 11.18 1936 0.041 91%
8 10.75 2038 0.039 101%
9 10.92 2182 0.040 112%
10 11.05 2311 0.040 101%
11 11.77 2072 0.043 93%
12 11.02 2200 0.040 106%
av 100%
sd 6.97
$RSD 6.97%

Results obtained for the replicate runs shown in Tables 1V, V,
and VI indicate that the measured efficiency of 32P detection for
the on-line CdTe radioactivity detector is approximately 26%, while
the efficiency of the plastic scintillator radioactivity detectors
is approximately 65% (parabola) and 100% (coincidence unit),
reflecting the improved geometry of the latter two devices. The
background noise level of the CdTe detector system is a function of
the low energy discriminator setting. The value of 0.01 MeV
selected for all experiments reported here gave a background count
rate of approximately 10 counts per minute while leaving a wide
energy window open for detection. Comparison of signal-to-noise
ratios in the three electropherograms indicates that the three
detectors exhibit quite similar sensitivities despite the fact that
the efficiency of the plastic scintillator detectors is considerably
greater than that of the semiconductor detector. This difference in
sensitivity is caused by the extremely low background noise level of
the CdTe device compared with a photomultiplier tube.

The large gain in sensitivity afforded by on-line radioisotope
detection in comparison with the more commonly used UV-absorbance
detector is illustrated in Figure 7. In this example, a UV-
absorbance detector, monitoring at 254 nm, was positioned 8.5 cm
downstream from a CdTe radioisotope detector, and 32P-labeled ATP
was injected at a concentration of approximately 5 x 107% M. Under
these conditions, ATP is detected with an excellent signal-to-noise
ratio by the radioisotope detector but is completely undetectable by
UV absorbance.
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Figure 7. Electropherograms showing (A) CdTe radioisotope
detector response and (B) UV absorbance detector response.
The injected sample was 5 x 10°® M 32P-labeled ATP. The UV
absorbance detector was located 8 cm downstream from the
radioisotope detector, and absorbance was monitored at 254
nm.
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Flow Programming. Equation 2 suggests that the number of counts
measured (the detector sensitivity) over a sample peak may be
increased by lengthening the residence time of the sample in the
detection volume. This is equivalent to increasing the counting
time on a liquid scintillation counter and this concept has been
recognized in radio-HPLC applications (}7) and applied to
radioisotope detection in isotachophoresis (7). 1In capillary
electrophoresis, the velocity of a sample zone may be reduced and
its residence time increased by simply reducing the applied
potential as the zone passes through the detection volume. The most
efficient implementation of this flow-programming concept would
involve reducing the zone velocities only while the labeled sample
was present within the detection volume and operating at a
relatively high potential at all other times. To our knowledge,
this type of flow programming has not previously been explored in
capillary electrophoresis. Although it is demonstrated only for
radioisotope detection here, this methodology should be applicable
to other modes of sample detection in CE.

The flow-programming concept is demonstrated in Table VII,
which lists the peak width and peak area for six capillary

Table VII. Flow-Programmed Runs

Run Elution Time, Peak Width, Peak Area, Voltage
mins mins counts Program
1 18.00 0.38 985 20 kv constant
2 18.34 0.34 1098
3 19.36 0.43 1236
4 18.04 0.38 1016
5 18.75 0.48 1078
6 18.14 0.35 968
Average = 0.39 1064
7 18.75 0.87 2404 20 kv initial
8 18.45 0.79 2705 10 kv during
9 17.30 0.71 2081 detection
10 17.65 0.81 2448 period
11 16.82 1.12 2695
12 19.02 0.80 2673
Average = 0.85 2501
Peak Area Ratio 2.4
Current Ratio 2.4
Voltape Ratio 2.0

electrophoresis separations performed with and without flow
programming. Separations 1 through 6 were performed at a constant
potential of -20 kV using the CdTe radioisotope detector, while in
runs 7 through 12 the potential was reduced to -10 kV as soon as
signal was detected above the detector background level. Because
the zone velocity is directly proportional to the applied field
strength, the average temporal peak width and area (number of counts
observed) for the six flow-programmed runs were approximately
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doubled. This improvement in sensitivity is, however, accompanied
by an increase in analysis time as well as a small loss in
resolution due to zone broadening. The magnitude of the resolution
losses incurred during flow programming will be strongly dependent
upon the amount of sample injected and the additional run time
associated with the flow programming process. For injected sample
plug lengths several times larger than the length associated with
diffusional broadening (typical operating conditions), the
resolution loss will not be significant. In the limit of injected
sample plugs with no initial width (§ function), the additional peak
variance increases linearly with programming time (ignoring analyte-
wall interactions) and the resolution loss will become quite
significant.

A striking example of increased sensitivity gained through the
application of flow programming is illustrated in Figures 8 and 9.
In Figure 8, a synthetic mixture of thymidine-5'-[a-32P]triphosphate
(32P-TTP), cytidine-5'-[a-32P]triphosphate (32P-CTP), and adenosine-
5'-{a-32P)triphosphate (32P-ATP), with each component present at a
concentration of approximately 3 x 10°® M (= 19 nCi injected), was
injected using hydrostatic pressure and separated under the
influence of a constant -20 kV applied potential. In Figure 9, the
sample solution and injection volume were the same as in Figure 8,
but the residence time of each component was increased by reducing
the applied potential from -20 kV to -2 kV as radioactive sample was
passing through the detection volume. At the same time, the
counting interval was increased proportionately (from 1 second to 10
seconds) and the detector signal was plotted as a function of
electrolyte volume displaced through the capillary tube. Note that
this results in a time-compressed abscissa over the flow programmed
period of the electropherogram (the entire separation required about
70 minutes in this case). It is important to point out that the
lower limit of radioisotope detection refers to the lowest sample
activity contained within a peak that can be detected and accurately
quantified. From the data presented in Table VII and Figures 4-9 it
is apparent that the lower limit of detection for this system is
greatly dependent upon the conditions under which the analysis is
performed, and that detector sensitivity may be extended by an order
of magnitude or more using flow programming.

The sensitivity gain afforded by this flow-programming
methodology will ultimately be limited by practical considerations
of analysis time and resolution losses caused by diffusional
broadening of the sample zones. Simplicity and consideration of
analysis time, however, still make flow-counting detection for
capillary electrophoresis an attractive alternative to the
quantitatively superior batch-counting approach in which fractions
are collected and subjected to conventional counting techniques
(11). The batch-counting approach, provided that sufficiently small
fractions may be collected, does offer the advantage of decoupling
separation considerations from measurement time. Considering only
the limitation imposed by diffusional spreading of sample zones
during the flow-programmed portion of a run, it is possible to
predict the extent to which detector sensitivity may be improved by
flow programming. For an injection volume of 84 nL, as used in this
example, and a maximum allowable increase in zone variance defined
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Figure 8. Capillary electropherogram of thymidine-5'-[a-
32p]) triphosphate, cytidine-5'-[a-32P] triphosphate, and
adenosine-5’-[a-32P] triphosphate obtained by injecting
approximately 19 nCi (2 x 10°® M solution) of each component
onto the capillary and applying a constant potential of -20
kv.
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Figure 9. Flow-programmed capillary electropherogram of
thymidine-5'-[a-32P] triphosphate, cytidine-5'-[a-32P)
triphosphate, and adenosine-5'-[a-32P] triphosphate obtained
by injecting approximately 19 nCi (2 x 10°® M solution) of
each component onto the capillary. The separation was flow
programmed by applying a constant potential of -20 kV until
radiolabeled sample approached the detection volume and then
reducing the potential to -2 kV as the sample zones
traversed the detection region. Note that the detector
signal is plotted as a function of electrolyte volume
displaced, resulting in a time-compressed abscissa over the
flow programmed region of the electropherogram. The
operating current was 38 pA at -20 kV and 3.8 uA at -2 kV.
The data were subjected to a 5-point sliding smooth.
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to be 108, approximately 84 minutes of flow programming would be
permitted (this calculation assumes a rectangular injection profile
and a solute diffusion coefficient of 10°® cm?/sec, and neglects
both diffusional broadening prior to flow programming and velocity-
dependent analyte-wall interactions). This 10% increase in variance
would be accompanied by a 250-fold increase in the number of counts
observed over a peak. Because the sensitivity of radioisotope
detection is governed by counting statistics, a 16-fold increase in
the signal-to-noise ratio (NOC/(NOC) ") would result. Thus, a lower
limit of detection of about 10711 M would seem to be a conservative
extrapolation. Obviously, the limitations imposed by diffusional
broadening would become more severe if the initial injection volume
were reduced.

In an automated implementation of the flow-programming
methodology, that is, with the high-voltage power supply under
computer control, there is a further limitation imposed upon
achievable sensitivity gains. There must be enough sample present
to generate a signal sufficiently large to exceed the detector
background level under standard (non-flow-programmed) conditions, in
order to initiate the flow-programming procedure. In certain
instances, however, prior knowledge of elution times for the
compounds of interest would permit this limitation to be overcome.

Application to Capillary Gel Electrophoresis. Recently, Karger and

co-workers demonstrated the use of polyacrylamide gel-filled
capillaries to separate peptide/protein (SDS PAGE) (l8) and
oligonucleotide mixtures (19,20) by capillary electrophoresis. This
mode of CE operation may prove to couple well with on-line
radioisotope detection. The results of several preliminary
capillary electrophoresis separations using gel-filled capillaries
and on-line radiocisotope detection using the coincidence unit
described here are presented below.

The capillary gel electrophoresis separation of a three-
component, 32?P-labeled, nucleotide mixture is illustrated in Figure
10. It is interesting to note that the migration order of ATP and
CTP is reversed with respect to the free solution separations
presented in Figures 8 and 9. This is caused by the absence of
electroosmotic flow in the gel-filled capillary.

Figure 11 illustrates the CE separation of synthetic
polythymidylic oligomers. The capillary gel electrophoresis
separation of this sample has previously been described by Paulus
and Ohms (21) using UV-absorbance detection. The polythymidylic 50-
mer sample was synthesized with the reaction conditions purposely
adjusted to increase the failure rate at every fifth base, beginning
with the 15-mer.

Figures 12 and 13 illustrate the CE separation of 32P-labeled
29- and 30-base heterooligomers, respectively. In the two
electropherograms, the major component is nicely resolved from
several failure sequences that were also phosphorylated in the
labeling procedure of the 5’ end. Figure 14 illustrates the
capillary gel separation of a mixture containing these two
heteropolymers. These two polymers differ only by the absence or
presence of a 3’ terminal thymidine residue.
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Figure 10. Capillary gel electrophoresis separation of a

simple three-component nucleotide mixture with on-line
radioisotope detection using the coincidence unit.
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Figure 11. Capillary gel electrophoresis separation a poly
(T) oligomer sample 32?P-labeled at the 5’ end. Detection
was accomplished using the coincidence radioisotope
detector.
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Figure 12. Capillary gel electrophoresis separation of
heteropolymer 32P-labeled at the 5' end. The oligomer was 29
units in length with the sequence shown in the Figure.
Detection was accomplished using the coincidence
radioisotope detector.
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Figure 13. Capillary gel electrophoresis separation of
heteropolymer 32-labeled at the 5’ end. The oligomer was 30
units in length with the sequence shown in the figure.
Detection was accomplished using the coincidence
radiolsotope detector.
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Figure 14. Capillary gel electrophoresis separation of 29-
and 30-mer, 32P-labeled at the 5’ end. Detection was
accomplished using the coincidence radioisotope detector.
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It is worth noting that the sensitivity advantage of
radioisotope detection in comparison with UV absorbance detection is
not so large for the biopolymers studied here as it is for small
molecules such as the nucleotide triphosphates. This is because the
labeling scheme at the 5’ end transfers only one 32P atom per
oligomer molecule while the same oligomer, containing many
chromophores, absorbs quite strongly. Hence the sensitivity
advantage of radioisotope detection will continue to decline as the
length of the oligomer increases. Obviously, a labeling scheme that
resulted in the transfer of more radiolabels per molecule would
increase the sensitivity difference of the two detectors. Perhaps a
more significant advantage of radioisotope detection is that the
separation medium need not be optically transparent. This opens up
a broader range of buffer components and matrix stabilizers from
which the separation medium may be formulated.

The application of flow programming to the analysis of samples
using gel-filled capillaries also results in a sensitivity gain.
This is illustrated in Figures 15 and 16. Figure 15 shows the CE
separation of a polydeoxyadenosine 40-60 mer sample using a
polyacrylamide-filled capillary under constant voltage. The
electropherogram presented in Figure 16 was obtained using the same
sample and column but under flow-programmed conditions. The
enhancement in sensitivity is marked.

Autoradiography. Of course, residence time can be arbitrarily
increased by removing the applied field. However, there is an
obvious trade-off between measurement time and resolution loss
caused by diffusional broadening. The latter may be significantly
reduced by freezing the capillary contents. This allows an
autoradiographic view of the separation channel by exposing directly
the frozen capillary to x-ray film (Kodak Diagnostic XAR-5,
Rochester, NY). Autoradiography is a well-established technique
(26). This method is not limited to high energy S emitters; it can
be applied to detect radiolabels that have less penetrating
radiation, provided that the capillary contents are formulated to
scintillate.

Figure 17 shows the autoradiographic detection of the 32P-
labeled polydeoxyadenosine homopolymer sample, which is the same
sample as shown in Figures 15 and 16. The gain in sensitivity is
several orders of magnitude. Indeed, it is even possible to discern
32p.labeled material "trapped” in the gel matrix between peaks.
Clearly this method is the method of choice when sensitivity is an
issue. The same method can also be applied to free-solution
capillary electrophoresis.

Conclusion

Three simple, on-line radioisotope detectors for capillary
electrophoresis were described and characterized for the analysis of
S2p-labeled analytes. The minimum limit of detection for these
systems was shown to be strongly dependent upon the conditions under
which the analysis is performed. For standard CE separations
performed at a relatively high (constant) voltage, the minimum limit
of detection was found to be in the low nanocurie (injected sample
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poly d(A) 40-60, 5° end-labeled. inject
15 sec, 5 kV; run 15 kV constant. gei
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Figure 15. Electropherogram illustrating the capillary
electrophoresis separation of poly d(A) 40-60 mer sample,
32p.labeled at the 5' end. Detection was accomplished using
the coincidence detector. The separation was accomplished
using a polyacrylamide gel-filled capillary and a constant
potential of 15 kV. The sample activity in this example was
approximately 4800 DPM/nL.
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poly d(A) 40-680, 5' end-labeled. inject
15 sec, 5 kV; run 15 kV, flow program
by reducing potential to 1.5 kv at
400} 81.3 min. gel capillary column 78/98 cm,
75 micron i.d.
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Figure 16. Electropherogram illustrating the flow-
programmed separation of the same ply d(A) 40-60 mer sample
presented in Figure 15. The sample was separated at 15 kV
and the potential was reduced to 1.5 kV as radiolabeled
sample reached the detector. The sensitivity improvement
afforded by flow programming is readily apparent in this
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Figure 17. Autoradiogram showing the separated poly d(A)
40-60 mer sample located within a polyacrylamide gel-filled
capillary. The autoradiogram was measured by placing the
capillary on a piece of x-ray film and freezing the
capillary-film combination at -20° C for 15 hours. The
leading end of the sample is on the right in this
photograph.
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quantity) range, corresponding to an analyte concentration of about
10°° M. The lower limit of detection for this type of detection
system was extended to the sub-nanocurie level (= 107'¢ M) by
application of flow programming methodology which served to increase
the residence time of labeled sample components within the detection
volume. Further large gains have been demonstrated by freezing the
contents of the capillary after separation and exposing the frozen
capillary to film (autoradiography). Thus radioisotope detection,
vwhen applicable, has a sensitivity superior to most other detection
schemes, comparable to electrochemical detection (22,23) and laser-
induced-fluorescence detection (12,24,25).

One improvement to the current systems would involve
automation of the flow-programming methodology, and such efforts are
currently underway. A second improvement over the current
semiconductor system would involve optimizing the detector geometry
by capturing a larger solid angle with the CdTe detector. The
performance of the parabolic plastic scintillator detector would be
greatly improved by reducing the background noise level through the
use of a quieter photomultiplier tube. In certain instances it
would be desirable to reduce the effective detection volume of these
systems in order to increase resolution. This could be accomplished
by installing a narrower aperture in the semiconductor detector or
machining a smaller detection region from the plastic scintillator
materials. In either case, detector sensitivity would be reduced,
because the detection volume and effective residence time would be
decreased. Hence, there is once again a practical trade-off between
detector sensitivity and resolution.

On-line radioisotope detection has been demonstrated to be a
practical alternative to UV absorbance detection when gel-filled
capillaries are used for CE separations. Significant improvement in
detection limits is realized with radioisotope detection. The
greatest improvement is realized for small molecules and is roughly
one to two orders of magnitude (for runs in which the residence time
is not enhanced).

Future work in this area will focus on the extension of this
detection scheme to include other radioactive isotopes. The present
systems are applicable to high-energy B and 4 emitters. Peptide and
protein samples labeled with !281 or !3!1 should prove to be an
interesting application. Weaker 8 emitters will require that the
sensing device be placed in direct contact with the electrolyte
solution and that the sensing device be compatible with changing
field gradients.

Acknowledgments

S.L.P. wishes to thank David J. Rakestraw, Patrick H. Vaccaro,

V. Howard Whitted and James Burns for many helpful conversations
pertaining to this work. The assistance of Aaron Paulus, Andras
Guttman, and Sushma Rampal in the preparation of gel-filled
capillaries and Karen Wert in the efficiency determinations is also
gratefully acknowledged.

Credit

Support for this work by Beckman Instruments, Inc. is gratefully
acknowledged.

In Analytical Biotechnology; Horvéth, C., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



4. PENTONEYETAL.  On-Column Radioisotope Detection 89

Literature Cited

1. Nickerson, B.; Jorgenson, J. W. J. High Resolut.
Chromatogr. Chromatogr. Commun. 1988, 11(7), 533-534.

2. Jorgenson, J. W.; Lukacs, K. D. Science 1983, 222, 266-272.

3. Kessler, M. J. In Analytical and Chromatographic Techniques
in Radiopharmaceutical Chemistry; Wieland, D. M.; Tobes, M.
C.; Mangner, T. J., Eds.; Springer-Verlag: New York, 1987;
Ch. 5-7.

4, Roberts, T. R. Radiochromatography, Journal of
Chromatography Library; Elsevier: Amsterdam, 1978, Ch. 6.

5. Kessler, M. J. Am. Lab. 1988, 20(6), 86-95.

6. Kessler, M. J. Am. Lab. 1988, 20(8), 76-81.

7. Kaniansky, D.; Rajec, P.; Svec, A.; Hava3i, P.; Macasek, F.
J. Chromatogr. 1983, 258, 238-243.

8. Kaniansky, D.; Rajec, P.; 3vec, A.; Mardk, J.; Koval, M.;
Licka, M.; Franko, §.; Sabanod, G. J. Radioanal. Nucl.
Chem. 1989, 129(2), 305-325.

9. Altria, K.D.; Simpson, C.F.; Bharij, A.; Theobald, A.E.
Paper presented at the 1988 Pittsburgh Conference and
Exposition, abstract no. 642, New Orleans, February 1988.

10. Berry, V. LC/GC 1988, 6, 484-491.

11. Needham, R.E.; Delaney, M.F. Anal. Chem. 1983, 55, 148-150.

12. Gassmann, E.; Kuo, J.E.; Zare, R.N. Science 1985, 230, 813-
814,

13. Gordon, M. J.; Huang, X.; Pentoney, S.L., Jr.; Zare, R.N.
Science 1988, 242, 224-228.

14. Huang, X.; Gordon, M.J.; Zare, R.N. Anal. Chem. 1988, 60,
1837-1838.

15. Karger, B. L.; Cohen, A. U. S. Patent #4865707, 1989.

16. Knoll, G.F. Radiation Detection and Measurement; Wiley: New
York, 1979.

17. See, for example, Markl, P. In Instrumentation for High
Performance Liquid Chromatography; Journal of Chromatography
Library, Volume 13; Elsevier: Amsterdam, 1978, pp. 151-161.

18. Cohen, A. S.; Karger, B. L. J. Chromatogr. 1987, 397, 409-
417.

19. Guttman, A.; Paulus, A.; Cohen, A. S.; Karger, B. L.
Electrophoresis ‘88, Proc. Int. Electrophoresis Society
Meeting, 6th, Copenhagen, 1988, pp. 151-159.

20. Cohen, A. S.; Najarian, D. R.; Paulus, A.; Guttman, A.;
Smith, J. A.; Karger, B. L. Proc. Natl. Acad. Sci. 1988,
85, 9660-9663.

21. Paulus, A.; Ohms, J. J. J. Chromatogr. 1989, accepted for
publication.

22. Wallingford, R. A.; Ewing, A. G. Anal. Chem. 1988, 60, 258-
263.

23. Wallingford, R. A.; Ewing, A. G. Anal. Chem. 1987, 59,
1762-1766.

24. Gozel, P.; Gassmann, E.; Michelsen, H.; Zare, R. N. A4nal.
Chem. 1987, 59, 44-49,

25. Dovichi, N. J. Paper presented at the 4lst ACS Summer
Symposium on Analytical Chemistry, Stanford University, 26
to 29 June 1988.

26. Stryer, L. Biochemistry; Freeman and Company, 1981, Ch. 24.

RECEIVED December 20, 1989

In Analytical Biotechnology; Horvéth, C., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



Chapter 5

Strategies for an Analytical Examination
of Biological Pharmaceuticals

Eleanor Canova-Davis, Glen M. Teshima, T. Jeremey Kessler, Paul-Jane
Lee, Andrew W. Guzzetta, and William S. Hancock

Genetech, Inc., 460 Point San Bruno Boulevard, South San
Francisco, CA 94080

The chemical complexity of protein pharmaceuticals has
resulted in the requirement of a battery of analytical
methods for product characterization. These include the
recently developed mass spectrometric ionization
technique of fast atom bombardment as well as the more
familiar chromatographic and electrophoretic procedures.
Analyses of both the intact protein and its corresponding
mixture of tryptic peptides oftentimes yield different but
complementary information. Tryptic mapping techniques,
which involve the separation of relatively small peptides
can provide definitive data on the primary sequence.
Knowledge concerning the tertiary structure of a protein is
best obtained using techniques which rely upon the surface
characteristics of the intact protein in addition to
conventional spectroscopic techniques. These analytical
procedures can be refined to optimize their particular
resolving power toward the different properties of protein
variants; be it electrophoretic, polar, or hydrophobic
considerations. In this way, structural changes which are
not observed under one set of conditions can be made
apparent when analyzed using another protocol. It is thus
possible to detect protein variants and chemically or
enzymatically degraded species by a judicious combination
of selected techniques.

By the time a protein pharmaceutical reaches the development stage and is
considered for a clinical investigation a large amount of information about
its physical and chemical properties has already been accumulated. The
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complexity of its structure has been established: its molecular weight,
subunit composition, and glycosylation state. A number of suspected
potential analogs and degraded species have been detected or postulated.
In addition to analyzing a protein for characteristics dictated by its specific
nature, routine analytical assays are performed; namely, amino acid
analyses and amino- and carboxy-terminal sequencing. If necessary,
disulfide assignments are made. A search is ordinarily conducted for
oxidations and/or deamidations. In the case of recombinant proteins
particular attention is paid to detecting signal sequences or proteolytically
degraded species. In contrast, deletions and chemical modifications can be
a consequence of proteins prepared by chemical synthesis. Lastly, tests are
applied to determine if the protein is correctly folded into its native three
dimensional structure. In addition, with recombinant proteins, sensitive
immunological procedures are performed to ensure that host cell proteins
have not been copurified with the protein of interest.

The following data has been assembled from the characterization of
three very different proteins to illustrate the utility of a variety of tests
which can be applied to ascertain the purity of protein pharmaceuticals: a
small chemically synthesized protein consisting of two polypeptide chains
held together by disulfide linkages (human relaxin), a recombinant protein
of moderate size (human growth hormone) biosynthesized in bacterial cells,
and a larger glycosylated recombinant protein (tissue plasminogen
activator) secreted from mammalian cells.

Chemically Synthesized Human Relaxin

Recent elucidation of the primary structure of relaxin has revealed its
homology to insulin particularly in its strikingly similar disulfide bond
structure. The relaxin and insulin molecules are each composed of two
nonidentical peptide chains linked by two disulfide bridges with an
additional intrachain disulfide bridge in the smaller A-chain. The amino
acid sequences of relaxin are known for a number of species including
porcine (1), rat (2), sand tiger shark (3), spiny dogfish shark (4), human
(5,6), skate (7), minke whale (8), and Bryde’s whale (8). From protein
sequencing data on the purified ovarian hormones and nucleotide sequence
analysis data of cDNA clones (9,10) it appears that the relaxins are
expressed as single chain peptide precursors with the overall structure:
signal peptide/B-chain/C-peptide/A-chain. Since the sites of in vivo
processing of human preprorelaxin are not yet identified, they were
deduced by analogy to the processing of porcine and rat preprorelaxins ().
Hence, the human A-chain was chemically synthesized by solid phase
methods as a 24 amino acid polypeptide and the B-chain as 33 amino acids
in length.

Amino acid analysis can be used for the partial assessment of the
primary structure of a polypeptide. With small peptides, such as relaxin, it
is a useful technique for the determination of purity (11). At the very least,
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this method serves as a confirmation of the presence of the correct amino
acids in the proper ratios. An analysis of the B-chain of human relaxin is
shown in Table [. Since Thr and Ser are partially destroyed during acid
hydrolysis, it is customary to perform extended hydrolyses and extrapolate
to zero time. Conversely, the values for Val and [le which are poorly
hydrolyzed are best determined from the 72 h time hydrolysis. Inspection
of the data for relaxin B-chain indicated that the value for Asx might be
somewhat low. An amino terminal sequence analysis confirmed that the
B-chain preparation did contain a secondary sequence of des AspB1-B-chain
ata 5% level. The B-chain amino terminal sequence Aspl-Ser2 is
particularly acid labile (12). Hence, the lack of an amino terminal Asp may
be due to cleavage during the hydrofluoric acid treatment to remove the
synthetic peptide from the solid phase rather than to an incomplete
coupling during the chemical synthesis.

Reversed-Phase High Performance Liquid Chromatography (HPLC) of
Relaxin. Since relaxin is composed of two polypeptide chains linked by
disulfide bonds, it is possible to examine both the intact molecule and its
composite chains after reduction(13). Relaxin samples can be analyzed by
reversed-phase HPLC using a linear gradient of acetonitrile as described in
the legend to Figure 1. This gradient resolves relaxin and its component
A- and B-chains from each other and their minor variants. The profiles
shown in Figure 1 are from a side fraction isolated from the combination
reaction of the individual A- and B-chains to form intact relaxin. The
profile obtained from analysis of the reduced material suggested that the
impurities present in the side fraction were due to variants of the B-chain.

Tryptic Maps of Relaxin and Relaxin B-chain. Digestion of the A-chain of
human relaxin with trypsin can theoretically result in the release of five
fragments; that of the B-chain in the release of six fragments as illustrated
in Table II. A typical tryptic map of relaxin B-chain is shown in Figure 2.
The peptide was reduced and carboxymethylated with iodoacetic acid
before enzymatic digestion. The peptide assignments were made after
analysis of the peaks by amino acid hydrolysis for amino acid composition
and confirmed by fast atom bombardment mass spectrometry (FAB-MS) as
shown in Table III.

The presence of a des AspB1 peptide is evident corroborating its
previous discovery by amino acid and amino terminal sequence analyses of
the intact B-chain. Inaddition, there is FAB-MS data for low levels of
oxidation at the methionine residues present at positions B4 and B25.

Recombinant Human Tissue Plasminogen Activator (rt-PA)

In contrast to the relative simplicity of relaxin, rt-PA is a large
glycosylated protein of approximately 65 kD. Perhaps its greater
complexity is best illustrated by a comparison of the tryptic maps of these
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Table I
Amino Acid Composition of Human Relaxin B-chain

Amino Acid B-chain
CyAa 1.92 (2)b
Asx 0.93(1)
Thre 0.98 (1)
Serc 3.904)
Glx 3.97(4)

Proa 0(0)
Gly 2.01(2)
Ala 2.02(2)
Vald 1.94(2)
Met 1.82(2)
Iled 2.63 (3)
Leu 2.98 (3)
Tyr 0(0)
Phe 0(0)
His 0(0)
Lys 1.93(2)
Trpe 2.03(2)
Arg 2.90(3)

Performic acid oxidized sample results
Theoretical values are in parentheses
Extrapolation to zero time of hydrolysis

After a 72-h hydrolysis

Determined in the presence of thioglycolic acid

o A0 T
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Figure 1. Reversed-phase HPLC chromatograms of human relaxin
side fraction before and after reduction with dithiothreitol. The
chromatography was performed on a Vydac C4 column using TFA-
containing mobile phases, and eluted with an acetonitrile linear
gradient from 18 to 50%.

Table II
Theoretical Tryptic Fragments

A-chain
T1 (A1-9) pGlu-Leu-Tyr-Ser-Ala-Leu-Ala-Asn-Lys
Tq (A10-17) Cys-Cys-His-Val-Gly-Cys-Thr-Lys
T3 (A18) Arg
T4 (A19-22) Ser-Leu-Ala-Arg
Ts (A23-24) Phe-Cys
B-chain
Te (B1-9) Asp-Ser-Trp-Met-Glu-Glu-Val-Ile-Lys

T7 (B10-13) Leu-Cys-Gly-Arg

Tg (B14-17) Glu-Leu-Val-Arg

Ty (B18-30) Ala-Gln-Ile-Ala-Tle-Cys-Gly-Met-Ser-Thr-Trp-Ser-Lys
T19(B31) Arg

T11(B32-33)  Ser-Leu

pGlu:Pyroglutamic acid
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Table ITI
Mass Spectral Analysis of Tryptic Map Peptides of
Human Relaxin B-chain

Theoretical
Peptide Mass Observed
Te 1136.4 1136.4
des Aspl —Tg 1021.4 1021.4
Met4d SO—-Tg 1152.4 1152.5
CM Cysll—-Tr 505.6 505.9
Tg 515.7 516.0
CM Cys23—Ty 1453.9 1453.7
CM Cys23 Met25SO—-Tyg 1469.9 1469.9
CM Cys23—Tg_1¢0 1609.9 1609.8
T 218.2 219.0

CM Cys, carboxymethyl cysteine
Met SO, methionine sulfoxide
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proteins (Figure 3). While the map of relaxin could be generated from the
intact molecule, retaining the disulfide linkages, it was necessary to first
reduce and alkylate rt-PA in order to obtain digestion of the protein into its
expected tryptic fragments.

Certain properties of rt-PA can lead to the generation of a simpler
tryptic map. Human t-PA as produced in cell culture fluid (14) consists of
one polypeptide chain. However, during isolation procedures (14,15)
proteases arising from media components or lysed cells can lead to
conversion into a two-chain variant consisting of a heavy chain (kringle
region) and a light chain (protease region) which are connected by a
disulfide bridge. The light chain contains the active site (16) and is
homologous with other serine proteases. The heavy chain contains two
kringle regions (17), a finger, and a growth factor domain (18). The two
chains can be separated after reduction and carboxymethylation by gel
filtration on a Sephadex G-75 superfine column (19). The tryptic maps of
these isolated chains are depicted in Figure 4 and are more amenable to
product characterization (19).

Recombinant Human Growth Hormone (thGH)

Human growth hormone, a polypeptide of 191 amino acids, was first
expressed in Escherichia coli using recombinant DNA techniques that
resulted in production of the protein in the cytoplasm as a methionyl analog
(20). Despite the reducing environment of the cytoplasm, the extracted and
purified product contains the correct disulfide bonds and tertiary structure
(21). In contrast, secretion methods allow the production in E. coli of hGH
lacking the N-terminal additional methionine and with the correct
disulfide bond formation (22). Whereas the secretion of correctly processed
rhGH into the periplasm of E. coli represents a major process advantage in
that the rhGH is easily extracted without the use of denaturants, a certain
proportion of the molecules is cleaved to a two-chain form by an enzyme
that may be located in the cell membrane. This two-chain form of rhGH
was isolated by high resolution ion-exchange chromatography.

Reversed-phase HPLC of Two-chain rhGH and rt-PA. For proteolysis to
occur, the cleavage sites would be expected to be on the surface of the
molecule and hence exposed to the column support. Therefore, it would be
expected that two-chain species should be readily separable. Reversed-
phase HPLC analysis in trifluoroacetic acid (TFA)-containing mobile
phases (Figure 5) demonstrates that two-chain rhGH elutes immediately
following the main peak (23). In contrast, a similar analysis of two-chain
rt-PA results in a profile (Figure 6) in which the two-chain variant elutes
before the one-chain species. However, when the growth hormone variant
is chromatographed at neutral pH (Figure 7), it also elutes before its
one-chain form (24). The apparent change in the order of elution can be
related to the amount of denaturation of the two-chain form relative to the
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FiFure 3. Comparison of rt-PA (reduced and carboxymethylated) with
relaxin tryptic maps. The chromatography was performedy as outlined
in Figure 2 legend.
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Figure 4. Tryptic map of reduced and carboxymethylated rt-PA heavy
and light chains. Chromato?'raphy was performed as outlined in

Figure 2 legend; upper pane

heavy chain; lower panel: light chain.

(Reproduced with permission from Ref. 19. Copyright 1989 Elsevier

Science Publishers.)
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\ ' + 3.1 pg 2-chain
ol L + 1.1 pg 2-chain
k A + 0.5 pg 2-chain
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Figure 5. A comparison of the elution profiles for the analyses of rhGH
with and without two-chain rhGH additions. The chromatography was
performed using TFA-containing mobile phases and eluted with an
acetonitrile linear gradient from 54 to 70% following a 10 min isocratic
hold at 54% acetonitrile. (Reproduced with permission from Ref. 23.
Copyright 1989 Munksgaard International Publishers.)
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Figure 6. Reversed-phase HPLC of rt-PA. The chromatography was
performed on a Vydac C4 column using TFA-containing mobile phases
and eluted with an acetonitrile gradient from 32 to 40%.
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Filgure 7. The analysis of one- and two-chain rhGH by reversed-phase
HPLC at neutral pH. The chromatography was performed on a
Polymer Laboratory PLRP-S column using phosphate-containing
mobile phases, and eluted with an acetonitrile linear gradient.
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native species during the chromatographic separation. In general it would
be expected that a proteolytically clipped variant would elute before the
one-chain form due to the greater polarity of the cleaved polypeptide chain,
a result of the formation of charged end-groups. These conditions are
apparently met for the chromatography of rhGH under less denaturing
conditions (neutral pH) and for rt-PA (low pH, TFA) but not for rhGH under
the low pH conditions. This difference can be related to the greater
stability of rt-PA to denaturation, which can be seen from the resistance of
rt-PA to trypsin digestion (25), a consequence of the presence of 17 disulfide
bonds. By contrast, rhGH contains only two disulfides and is readily
digested by trypsin in the absence of denaturants. Therefore, the later
elution of the two-chain variant under more denaturing conditions (low pH,
TFA) can be related to greater unfolding and the resultant exposure of
more interior hydrophobic residues.

Separations as Influenced by pH. This concept of differential unfolding of
proteins under varying mobile phase conditions was also illustrated in
attempts to find conditions whereby rhGH could be separated from its
methionine analog (Met-rhGH). When reversed-phase chromatograms
were generated at a number of pH values different degrees of resolution
were apparent (Figure 8). At low pH values little or no resolution was
observed. Asthe pH was increased toward neutrality, clear resolution of
the species was seen. Upon reaching basic conditions, resolution began to
decrease. It could be rationalized that greater unfolding occurs at the
extreme pH levels, obscuring any effect that the N-terminal methionine of
the rhGH analog may have on binding of the hormone to the stationary
phase. When the hormone is in its native state, the N-terminal methionine
residue is exposed. This has been demonstrated to be the case with the
porcine rGH analog by workers at Monsanto who have determined its
crystal structure by x-ray diffraction techniques (26). It is thus possible for
any increased binding contributed by the additional N-terminal amino acid
present in Met-hGH to result in a separation of the two hGH species under
conditions where the N-terminus is available for interaction with the
column.

That the N-terminal methionine is exposed to the solvent was also
concluded from studies directed toward the reduction and alkylation of the
disulfides of rhGH. The conditions that were found to be optimal for the
derivatization of the four sulfhydryls of rhGH resulted in the production of
a side reaction when the procedure was applied to the methionyl analog.
This side product was identified as containing
carboxymethyl-S-methionine at the amino terminal residue.

Separations as Influenced by Temperature. Variations in temperature
were also investigated as a means of probing the selection of more refined
reversed-phase conditions for the chromatography of rhGH. It is generally
recognized that both the adsorption of proteins onto the nonpolar solid

In Analytical Biotechnology; Horvéth, C., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.



5. CANOVA-DAVISETAL. Examination of Biological Pharmaceuticals 103

phase used in reversed-phase chromatography and the harsh conditions
required for elution can lead to denaturation of proteins (27). Benedek et
al. have shown that acetonitrile is a more denaturing organic modifier than
propanol in protein chromatography by reversed-phase HPLC (27), so that
the degree of resclution can be further investigated by use of different
solvents. Therefore, both denaturing, low pH and acetonitrile organic
modifier, and less denaturing, neutral pH and n-propanol organic modifier,
conditions were studied (28). The ability of low pH to unfold the protein is
demonstrated by the temperature plots presented in Figure 9. Although
isocratic conditions are necessary for the investigation of kinetic
parameters, the use of a shallow gradient can be utilized to scan the effect
of a wide range of mobile phase conditions on a given separation. In fact,
due to the pronounced effect of temperature and mobile phase conditions on
the retention times of proteins, the use of isocratic conditions can allow the
examination of only a narrow range of conditions.

Inreversed-phase HPLC of organic molecules and low molecular
weight peptides the effect of an increase in temperature is a corresponding
decrease in retention time. However, many proteins are known to unfold
with an increase in temperature resulting in exposure of hydrophobic
groups. Thus, in a chromatographic separation of a protein, if an increase
in temperature does lead to a significantly greater degree of unfolding,
longer retention times may result. This phenomenon was observed both at
low (Figure 9) and high pH in the chromatography of rhGH (28) when
acetonitrile was used as an organic modifier. However, the rate of increase
plateaued at higher temperatures so that above 45° to 60°C a decrease in
retention time was observed. This observation is consistent with a
reduction in the rate of denaturation of the protein at higher temperatures
where the protein may be maximally unfolded. While it can be seen in
Figure 9 that acetonitrile, a denaturing solvent, led to greater retention
times with increased temperatures at low pH, the effect was even more
pronounced at neutral pH (28), where the molecule is presumably in a more
native state at the initial temperature point. The use of n-propanol gave a
dramatic difference in the temperature effects (28). At both pH values the
plot was similar to the high temperature values for the acetonitrile study.
Thus, the less denaturing organic solvent resulted in the normal
observation of reduced retention times at higher temperatures. A similar
study done with rt-PA led to the conclusion that this molecule was fairly
rigid since with the low pH mobile phase containing acetonitrile it did not
tend to be more retained on the column at higher temperatures.

An attempt to find the best conditions for separating the one- and
two-chain forms of rhGH was made using temperature as a probe with
mobile phases of varying denaturing capacities. It was found that the
optimal conditions for resolution were neutral pH, acetonitrile, and 25°C.
As an example, Figure 7 shows the result for the use of temperature to
optimize the separation at pH 6.5. Further evidence for the unfolding
power of low pH and the acetonitrile organic modifier is uncovered when
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Figure 8. Separations of thGH from its methionyl analog by reversed-
phase HPLC. The chromatography was done at the indicated pHs
using phosphate-containing mobile phases with propanol organic
mogiﬁer on a Vydac C4 column. Elutions were run in an isocratic
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Figure 9. Effect of temperature and organic modifier at low pH on the
reversed-phase chromatography of thGH. Elutions were done with a
shallow linear gradient of 0.2%/min.
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the data obtained at 5°C is examined as follows. At 5°C any denaturation
due to temperature is minimized. If the starting acetonitrile concentration
is low (28%) the molecules are less unfolded than if the starting
concentration is high (38%). As the acetonitrile concentration is increased
to elute the proteins from the column more unfolding occurs in the molecule
which was loaded at a lower acetonitrile concentration, binding is
increased, resident time on the column is longer (110 min at 28% starting
acetonitrile concentration as opposed to 50 min at 38%), and elution
requires a greater acetonitrile concentration (57% at 28% starting
acetonitrile concentration as opposed to 50% at 38%). No matter what the
starting conditions are, the two-chain form requires greater acetonitrile
concentrations for elution at low pH, most likely due to its greater
flexibility and hence greater unfolding potential.

It was expedient to develop a sensitive assay for the detection of two-
chain rhGH since this variant is a result of biosynthesis in E. coli and not
found in pituitary-derived material. In contrast, two-chainrt-PAisa
consequence of the activation process required for the dissolution of a blood
clot. Its quantitation is important for a different reason: to demonstrate
consistency in the manufacturing process.

Detection of Deamidation

The strategy used for the detection of deamidation of these three proteins
had to be altered due to their particular characteristics. Neither isoelectric
focusing (IEF) nor tryptic mapping, which were effective in monitoring the
deamidation of rhGH (29) produced any evidence for the deamidation of
relaxin. Since deamidation of asparagine side chains is commonly seen in
proteins (30), position A8 was of interest. The T peptide was chemically
synthesized with an aspartic acid residue at that position so its elution time
in the relaxin tryptic map could be determined. It eluted in a position
completely devoid of any absorbing material in the tryptic map of a typical
relaxin sample (13) which has a detection limit of approximately 2%,
indicating that this asparagine residue is not particularly susceptible to
deamidation. This is not surprising since it is followed by lysine, an amino
acid that does not favor the formation of the cyclic imide which is an
intermediate in the deamidation reaction (31). The presence of an aspartic
acid residue adjacent to lysine probably would not affect the rate of trypsin
digestion at that position since the sequence Asp169Met170Aspl71Lys172 in
hGH is completely released under similar conditions (32).

A different problem exists in the case of rt-PA. Its IEF pattern is
shown in Figure 10. The great number of bands seen is due to the
heterogeneity of the carbohydrate moieties. Any deamidation is hence
hidden in this complex pattern. A great deal of effort is necessary to
identify any deamidations in this protein. It was necessary to incubate
rt-PA at pH 5.5 for ten months at 30°C to achieve a measurable level of
degradation. The molecule was then reduced and alkylated before
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separating the various species by reversed-phase chromatography. A peak
not apparent in the reversed-phase HPLC profile of reference material was
isolated and digested with trypsin. By this procedure it was possible to
identify deamidated peptides (they usually elute slightly later than the
native peptide giving rise to doublet or triplet peak patterns). Two such
peptide profiles were observed, T5 and Tg (Figure 11). The FAB-MS
analysis on the individually isolated T5 doublet peaks confirmed the
deamidation, T5:1332 amu; deamidated T5:1333 amu. Due to the
complexity of the tryptic map (with at least 60 peptides), it will be very
difficult to identify all sites of deamidation in this manner and the
comparison of a given map relative to that of a reference material will not
allow the detection of low levels of a variant (less than 10%).

A procedure that can determine if deamidation has occurred in the rt-
PA molecule makes use of bovine protein carboxyl methyltransferase
(PCMT), an enzyme that methylates the free carboxyl group present at
atypical isoaspartyl linkages (33), a product that is indicative of
deamidation (34). The ratio of isoaspartate to aspartate formed due to
deamidation is generally about 3:1 (33,35). The methylation of the
isoaspartyl peptide or protein by PCMT has been reported to be
stoichiometric (36). Methylation by PCMT is measured by incubating the
deamidated peptide or protein with the radiolabelled methyl donor, S-
adenosyl-L-[3H-methyl]-methionine and subsequently monitoring the
incorporated radiolabel in a liquid scintillation counter. This method has
been used successfully in corroborating the evidence for deamidation of
hGH (29) occurring during in vitro aging (35). However, if the deamidated
residues are buried in the interior of the protein, it is likely that the enzyme
will not be able to methylate such residues. When native rt-PA is exposed
to this enzyme, very little methylation is evident (less than 0.05 residues;
Figure 12). This result could, however, be due to steric hindrance of the
enzyme due to the highly cross-linked structure of rt-PA. If the rt-PA is
first reduced and carboxymethylated to break the disulfides and destabilize
the structure, an increase in methylation by PCMT is seen. Digesting the
reduced and alkylated molecule with trypsin leads to an even greater
methylation of rt-PA consistent with the hypothesis that disruption of the
3D-structure does indeed allow access of the enzyme to the isoaspartyl
residues. Treatment of rt-PA with alkali (pH 8.0) which is proposed to
result in the deamidation of proteins resulted in methylation of almost
0.6 residues (Figure 12). The increase of 0.22 residues of methyl-accepting
capacity in the deamidated sample relative to the control (Figure 12:
trypsin digest of reduced and carboxymethylated rt-PA) can be attributed
to deamidation. This value indicates that rt-PA is a relatively stable
protein as compared to Met-rhGH with 0.35 residues of methyl-accepting
capacity when treated similarly (35) especially since there are a greater
number of asparagine residues present in rt-PA. An explanation for this
stability could reside in the highly cross-linked structure of rt-PA as well as
in the presence of the bulky carbohydrate side chains. Kossiakoff (37)
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Figure 10. Isoelectric focusing of native rt-PA.
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Figure 11. Comparison of the tryptic maps of reduced and
carboxymethylated rt-PA standard and acid-treated preparations.
Chromatography was performed as outlined in Figure 2 legend.
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Figure 12. Comparison of methyl-accepting capacity of nontreated and
alkali-treated rt-PA. To label rt-PA, 1 nmol of rt-PA was combined
with 125 pmol of PCMT along with 10 pl of 500 dpm/pmol of 1 pM
tritiated S-adenosylmethionine. The mixture was incubated for 40
minutes at 30°C.

Table IV
Comparison of the Major Characteristics of
Relaxin, rhGH, and rt-PA
Molecular Property Relaxin rhGH rt-PA

Disulfide assignment  Difficult Easy Impossible
Deamidation None Asexpected  Difficult to assay
Proteolysis to two-chain Does not Due to host Integral property

apply cell
3-D structure Leads to Flexible Rigid

higha yield

during chain

combination
Glycosylation No No Yes

a Higher than expected on a statistical basis.
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showed that for deamidation to occur a distinct local conformation and
hydrogen-bonded structure of the amide group was required.

Disulfide Assignments

Since both relaxin and rhGH can be completely digested by trypsin without
first reducing their disulfide linkages, it is possible to identify the peptides
which are involved in each linkage. The tryptic map of rhGH is shown in
Figure 13 with the cystine-containing peptides indicated in the usual
manner; the theoretical tryptic fragments are numbered beginning at the
amino terminal residue. The map of the tryptic digest treated with
dithiothreitol is also reproduced in Figure 13. Of particular interest is the
similar elution times of T2 in this map with that of T2¢-T21 in the map of
the untreated digest. Hence, identification of peptides by chromatographic
retention times may be a dangerous practice.

The assignments of the cystine-containing peptides of relaxin were
made in a similar manner, with one caveat. When the enzymatic digestion
was conducted at pH 8, all possible cystine-containing peptide pairs were
observed. This observation indicated that a disulfide exchange was
occurring in the basic medium. Adjusting the buffer pH to 7.2 prevented
this exchange reaction and permitted the proper assignments, T2.T7and
T5.Tg, to be made (13).

As previously noted, rt-PA is resistant to tryptic digestion if the
disulfide linkages are left intact. Hence, to date, no complete direct
assignment of these linkages have been made. Another difference which
exists in the rt-PA molecule is the presence of an odd number of cysteine
residues resulting in at least one free sulfhydryl group in the protein.

Conclusions

The above discussions have shown how selected analytical techniques can
be applied to vastly different proteins to solve a myriad of problems. These
include routine assays: amino acid and sequencing analyses; specialized
techniques: FAB-MS and IEF; conventional techniques refined to improve
their utility: reversed-phase HPLC using different pHs, organic modifiers,
and temperatures; and chemical and enzymatic modifications. The latter
two procedures have been shown to be effective not only in elucidating
primary structure but also in probing the conformation of proteins.

Table IV is a summary of the information that has been compiled for
human relaxin, growth hormone, and rt-PA.
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Chapter 6
Analytical Chemistry of Therapeutic Proteins

R. M. Riggin and N, A. Farid

Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, IN 46285

The manufacturing process for biomolecules intended for therapeutic
use must include extensive quality control measures to insure the
production of a safe and effective product which meets rigorous
standards of quality and batch~-to-batch consistency. While this
requirement applies to both small molecules and proteins, the manu-
facturing and structural complexity of proteins dictates the use of
a much more extensive battery of analytical tests, many of which are
quite complex and not routinely conducted in conventional analytical
laboratories.

As with small molecules, the key analytical parameters to be
addressed for therapeutic proteins on a lot-to-lot basis are
identity, purity, and potency. In addition, a rigorous proof of
structure is required for the reference standard lot to be used for
routine analysis of production batches.

Characterization of Protein Structure

The complexity of quality control for proteins, as compared to small
molecules, is most evident in the requirements for proof of
structure. Many small molecules can be fully characterized using a
few spectroscopic techniques (e.g., NMR, IR, mass spectrometry, and
UV) in conjunction with an elemental analysis. However, proving the
proper structure for a protein is much more complex because 1) the
aforementioned spectroscopic techniques do not provide definitive
structural data for proteins, and 2) protein structure includes not
only molecular composition (primary structure) but additionally,
secondary, tertiary, and, in some cases, quaternary features.
Clearly, no single analytical test will address all of these
structural aspects; hence a large battery of tests is required.

0097-6156/90/0434-0113$06.00/0
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114 ANALYTICAL BIOTECHNOLOGY

The analytical techniques frequently employed to determine the
primary structure of a protein are listed in Table I. In general,
most or all of these tests will be used for proof of structure, with
a subset or streamlined versions of these techniques used to confirm
identity on a lot~to~lot basis.

Table I. Techniques Used for Determination of Primary Structure

Gene (DNA) sequencing

Edman degradation/sequence analysis

C~terminal sequencing

Peptide mapping (characterization of disulfide linkages)
Raman Spectroscopy (disulfide linkages)

FAB/MS; PD/MS; MS/MS

Amino acid composition

Carbohydrate composition/structure

Sequencing of the DNA comprising the structural gene is
routinely conducted and also serves to confirm primary structure of
the protein; however, any post-translational modifications to the
protein will not be evident from the gene sequence. The linear
sequence of amino acids within a protein is most frequently deter-~
mined by Edman degradation of the protein as well as peptide frag-
ments generated from the protein using proteolytic enzymes.
Recently, fast atom bombardment/mass spectrometry (FAB/MS), plasma
desorption/mass spectrometry (PD/MS), and tandem mass spectrometry
(MS/MS) have become widely used for the characterization of proteins
and peptides. These techniques offer the potential for more sensi-
tive and rapid structural characterization, and can be used to
determine post-translational modifications. Disulfide bond forma-
tion is most frequently determined by peptide mapping techniques.
Raman spectroscopy can also be used for ascertaining disulfide bond
arrangements, and is most useful when an authentic standard is
available for spectral comparision. Amino acid composition is
generally not of great value in determining primary structure, but
can be used to confirm the presence of unusual amino acids (e.g.,
gamma~-carboxy glutamic acid). Complete characterization of the car-
bohydrate portion of glycoproteins is a very formidable task due to
the heterogeneity of glycoproteins (i.e., since glycosylation is not
under direct genetic control, a variety of carbohydrate structures
generally exist for any particular glycoprotein product). Recent
advances in analytical technology have made more detailed character-
ization possible, but complete routine characterization of carbohy-
drates is still a formidable challenge.

Analytical techniques used to determine secondary and tertiary
structure are summarized in Table II. Generally, these techniques
provide complementary information with evidence of structure arising
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from a systematic evaluation of data obtained over a wide range of
solvent conditions (e.g., denaturant concentrations) using a combi-
nation of several techniques. X-ray crystallographic data are fre-
quently not possible to obtain, due to difficulties in identifying
conditions for protein crystallization. Furthermore, in many cases
the conditions eventually identified for crystallization may be very
different than conditions used in the production process, hence
making the X-ray crystallographic data of limited value for deter-
mination of solution-state secondary and tertiary structure. In
general, the most direct evidence for proper tertiary structure is
the specific biological activity of the protein, since proper bio-
logical functioning of the molecule is dependent on the three-
dimensional structure of the molecule.

Table IT. Techniques Used for Determination of Secondary and
Tertiary Structure

SECONDARY STRUCTURE
~ Circular dichroism (CD)
~ Optical Rotatory Dispersion (ORD)
~ Fluorescence (time resolved/phase modulated)
- Raman
~ Infrared (IR)

TERTIARY STRUCTURE
- Two dimensional NMR
- X-ray crystallography
-~ Specific biological activity (in-vivo/in-vitro)

Routine Confirmation of Product Identity

Once the structural features of a reference standard of the desired
protein have been well characterized, lot-to-lot confirmation of
identity can be conducted using a carefully selected group of tests,
wherein the lot undergoing analysis is compared to the reference
standard. Tests commonly employed for this purpose are listed in
Table III. Peptide mapping is perhaps the most powerful and univer-
sally used technique since it provides relatively specific confirma-
tion of correct primary sequence and, when non-reducing conditions
are employed, can be used to confirm correct disulfide bond form-
ation. Tertiary structure is difficult to address directly on a
routine (lot-to-lot) basis, and the presence of correct biological
activity is often used as evidence that the correct tertiary
structure is maintained.
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Due to the structural complexity of proteins, proper confirm-
ation of product identity generally requires the use of several
different techniques in parallel. For example, use of RP-HPLC and
capillary electrophoresis in parallel provides a powerful means for
proving identity of a particular peptide fragment since these two
techniques exhibit independent elution profiles for typical peptide
digests (1); with RP-HPLC separating on the basis of hydrophob-
icity and capillary electrophoresis separating on the basis of
charge.

Using the arsenal of analytical methods currently available,
one can reliably confirm protein identity, even when seemingly minor
structural differences exist between two proteins. For example,
native sequence human growth hormone (hGH) and N-methionyl hGH, or
met-hGH (both of which are commercial products), can be readily
distinguished by RP-HPLC retention (2) and tryptic peptide mapping
(3). In addition, as illustrated in Figure 1, these two proteins
can be distinguished on the basis of their differing chemical
properties., As shown in Figure 1, met-hGH is oxidized by dilute
hydrogen peroxide at a much greater rate (approximately 4-5 fold
faster) than natural sequence hGH. This difference is believed to
be due to the rapid oxidation of the N-terminal methionine to a
sulfoxide, since we have demonstrated that oxidation of methionine
groups in hGH is a significant degradation pathway in commercial
products (4). Control solutions of hGH and met-~hGH not containing
hydrogen peroxide exhibited no degradation over the 9-hour time
period of the experiment, thereby confirming that oxidation was the
main degradative pathway in this study.

Human, porcine, and bovine insulins can also be readily distin-
guished from one another using either peptide mapping or RP-HPLC
separation of the intact proteins (5).

Table III. Techniques Used for Routine Confirmation of Protein
Product Identity

Chromatographic retention (e.g., RP-HPLC)
Electrophoretic mobility (size/charge based separations)
Peptide map (reduced/non-reduced)

Amino acid composition

Carbohydrate composition

Specific biological activity
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STRATEGIES /TECHNIQUES FOR ASSESSING PURITY OF PROTEINS

While the concept of purity is rather straightforward for small
molecules, definition of purity for a protein product can be
difficult., The difficulty in defining purity arises for several
reasons: 1) some products, glycoproteins in particular, exist in a
multitude of biologically active forms, many or most of which are
quite acceptable therapeutically, 2) not all chemically equivalent
forms of a protein may be acceptable therapeutically due to differ-
ences in aggregation state, etc., and 3) the level of purity
observed for a given product is extremely dependent on the specific
analytical technique used. Whenever one is faced with the task of
interpreting purity data for a given product, the impact of these
issues must be recognized and taken into consideration. For
example, a pituitary hGH product which was stated to be 95% pure
(determined by immunooassay for prolactin and similar contaminants)
was determined to be only about 65% pure when assayed by reversed-
phase HPLC (2).

Purity of therapeutic protein products is perhaps best
addressed by dividing impurities into two categories: 1) contam-
inants structurally unrelated to the protein of interest and 2)
components chemically related to the product of interest. A
representative list of potential "unrelated contaminants" is shown
in Table IV,

Table IV, Potential Contaminants Not Structurally Related to
the Protein of Interest

Host cell proteins

Residual DNA

Media components {(growth factors, protease inhibitors,
trace elements, etc.)

Recovery/purification reagents (salts, detergents, urea
enzymes, filter aids, etc.)

Endotoxin

Live microbes

Live viruses

Mycoplasma

Assays for media components and purification reagents are
generally specific to the particular item used and will not be
discussed further here. Assays for endotoxin, live virus, myco-
plasma, and live microbes are relatively standard (Usp, CFR, or
other regulatory procedures) and likewise will not be discussed in
detail. The determination of trace levels of host cell proteins in
therapeutic proteins can be a formidable task, because most commonly
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used procedures for detection of proteins will encounter interfer-
ence from the protein product itself. Furthermore, the wide range
of potential host cell protein contaminants makes determination of
each individual contaminant impossible. The approach usually
employed for detection of host cell proteins has been described (6).
In this process, host cell proteins are obtained from a cell colony
identical to the production strain, but lacking the gene for the
desired protein product. This host cell protein mixture is then
used to develop antisera (in an appropriate animal) which will
recognize the host cell proteins. The development of suitable
antisera is usually a multiple step process, since care must be
taken to insure that a wide range of host cell proteins is recog-
nized, not simply one highly antigenic protein. Once suitable
antiserum is available, this is used in an ELISA or other immuno-
assay to quantify levels of host cell proteins in the product
(using the mixture of host cell proteins as the assay standard).

The detection of trace levels of residual DNA in protein
products is a formidable challenge, primarily due to the extremely
low detection limits required (e.g., 10-100 pg/dose). Probe hybrid-
ization, using a radiolabeled DNA probe derived from host cell DNA,
has been in the method most commonly used, due to the extraordinary
sensitivity of the assay. However, it is important to remember
that this assay will recognize only DNA complementary to the labeled
probe (i.e., other forms of DNA will not be recognized in the
assay). Several techniques are now available for general detection
of DNA at relatively low levels, and these methods are expected to
come into more widespread use in the future. One such method is
based on the use of DNA binding proteins in a format similar to an
ELISA assay.

Typical components structurally related to the protein product
are listed in Table V. The particular components of interest for
any given protein will depend on the specific chemical and physical
properties (e.g., presence or absence of methionine groups, etc.)

Table V. Typical Components Structurally Related to the
Protein of Interest

Deamidated forms

Methionine sulfoxides

Proteolytically clipped forms

N~Terminal variants

Disulfide isomers

Dimers/aggregates (covalent/non-covalent)
Glycosylation variants
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Techniques commonly used to quantify such components are listed
in Table VI. Generally, both chromatographic and conventional elec-
trophoretic techniques are applied to a given protein product to
insure complete characterization. However, chromatographic tech-
niques are preferable in most cases due to ease of automation and
quantitation., Rapid progress in the commercial development of
capillary electrophoresis makes this technique a likely candidate
for routine use in the near future. Examples demonstrationg the
use of reversed-phase HPLC, anion exchange HPLC, and capillary
electrophoresis for quantifying deamidated forms of hGH and insulin
have been published (2,4,5).

Table VI. Techniques Used to Quantify Components Structurally
Related to the Protein of Interest

TECHNIQUE TYPE OF COMPONENTS DETERMINED
CHROMATOGRAPHY
Ion exchange/chromatofocusing Deamidated forms, glycosylation
variants
Reversed-phase /hydrophobic N-terminal variants, glyco~
interaction sylation variants, disulfide
isomers, proteolytic clips
Size exclusion Dimers/aggregates
ELECTROPHORES IS
SDS~PAGE Proteolytic clips, dimers/
aggregates (covalent)
IEF Deamidated forms, glycosylation
variants
CAPILLARY ZONE Deamidated forms, N-terminal
ELECTROPHORESIS variants, proteolytic clips

The introduction of "fast HPLC" has proven to be particularly
valuable in protein analysis. As stated earlier, assay time in
RP-HPLC analysis of proteins is typically long compared to that for
smaller organic molecules. We have evaluated the use of 0.6-cm ID
X 4-cm columns packed with 3-um particles in the analysis of insulin
by RP-HPLC for potency determination, related substances, and in
peptide mapping (7). The use of the "fast column" allows consider-
able savings (40-607%) in analysis time, compared to the regular
(0.46-cm ID x 25-cm) columns, without loss in resolving power.

Also, the use of the "fast columns" did not require modifications
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in eluent compositions beyond those that are typically part of the
routine adjustments carried out by the analyst to meet system suit-
ability parameters., As expected, the use of short columns packed
with 3-um particles results in reduced solvent consumption and
reduced mobile phase re-equilibration time in gradient elution.
Data obtained in the HPLC analysis of insulin formulations,
utilizing a 25-cm column and a 4-cm (3-um particle) column, are
summarized in Table VII. The data clearly show the equivalent
performance of both columms.

Table VII. Comparison of a 25-cm Column and a 4~cm (3-um) Column
in the Analysis of Insulin Formulations(a)

HPLC Potency, U/mL(b) %Z Related Substances(c)
Insulin Mean + S.D. (n=6) Mean * S.D. (n=6)
Formulation 4 cm 25 cm 4 cm 25 cm
Regular 101.0 100.1 1.6 1.6

(0.4) (1.1) (0.3) (0.2)
NPH 100.5 100.5 1.5 1.6

0.7) (0.9) (0.5) (0.6)
Zinc 100.2 100.1 0.8 0.8
suspension (0.9) (0.9) (0,2) (0.2)

(a) For chromatographic analysis conditions, see ref. (5).
(b) Isocratic RP-HPLC method.
(c) Gradient RP-HPLC method.

Peptide mapping has been widely used for characterization of
protein products, and is almost always used for confirmation of
identity. Generally, peptide mapping is not a very sensitive tech-
nique for detection of impurities; in our experience, derivatives
present at levels below a few percent are not normally detected in
peptide maps, whereas HPLC of the intact protein can generally
detect 0.1% of such derivatives. However, in relatively simple
maps such as the V-8 protease digest of insulin, relatively good
limits of detection can be achieved (5).

Correct chemical composition of a protein product does not
always describe overall purity, since the existence of physically
aggregated forms must also be considered. For example, a dimeric
(non~-covalent) form of hGH has been isolated, using high perfor-
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mance size exclusion chromatography (HPSEC) under non-denaturing
conditions, which exhibits only about 207 of the biological activity
of monomeric hGH (8). This dimer was found to be non~covalent as
evidenced by the SDS~PAGE and RP-HPLC profiles; both of these tech-
niques tend to dissociate noncovalent aggregates, The tryptic
peptide map of this component was identical to that of monomeric
hGH. Clearly, the use of HPSEC under non-dissociating conditions

is an important measure of purity for this particular product.

Techniques/Strategies for Determining Potency/Content of Protein
Products

Clearly, the strength, or potency, of any pharmaceutical product is
an important parameter which must be routine monitored. 1In the case
of small molecules, strength (or potency) can be ascertained
directly by physicochemical methods (e.g., liquid chromatography).
However, for proteins the content, as measured by physicochemical
methods, and biological potency are not necessarily equivalent.

Historically, the potency of therapeutic protein products has
been determined using in-vivo or in-vitro bioassays selected to
monitor the particular biological activity of interest for each
particular product. For example, insulin potency was established
by determining its hypoglycemic effects in rabbits, and human growth
hormone preparations were monitored by their growth-promoting
effects in hypophysectomized rats. While such tests are rather
expensive to conduct and imprecise, they were appropriate, and
indeed necessary, for monitoring potency of naturally derived
materials due to the complex nature of many of these preparations.
However, proteins derived from rDNA technology are generally much
purer and chemically/physically well-defined compared to naturally
derived products, and traditional bioassays are often too imprecise
to provide meaningful batch-to-batch control of recombinant
products. To overcome this limitation, the approach used for most
recombinant products has been to extensively evaluate physico-
chemical techniques (e.g., chromatography, electrophoresis), as
well as in-vitro bioassays (e.g., immunoassay, receptor~binding
assays), with regard to how well such tests correlated with trad-
itional in-vivo bioassays. In most instances physicochemical or
in-vitro techniques have been established which correlate well with
in-vivo bioassays and offer greatly improved precision and rapidity,
as well as lower assay cost. The various types of physicochemical
assays and in-vitro bioassays which have been employed are listed in
Table VIII.

The establishment of a physicochemical potency assay for
biosynthetic human growth hormone provides an interesting example
of an approach for validation of such assays. The hypophysect-
omized rat growth promoting assay used tradionally has a precision
of approximately 15~20% RSD, which is clearly not adequate for
controlling well-characterized products. In order to select a
suitable assay to replace the in-vivo bioassay, the biopotencies
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of the various chemically related substances in the product were
established, the data for which are summarized in Table IX.

Clearly, all of the related substances, with the exception of
hGH dimer, exhibited full biopotency as compared to hGH monomer.
Further investigation of hGH dimer demonstrated that traditional
immunoassays could not distinguish it from hGH monomer, although
an immunoradiometric (IRMA) assay using two monoclonal antibodies
could distinguish the two forms (8). As expected, size exclusion
HPLC was also able to distinguish monomeric and dimeric forms of
hGH. Further studies revealed that the IRMA assay precision was
approximately 5-6% RSD, whereas size exclusion HPLC exhibited a
precision of 1-2% RSD. Therefore, size exclusion HPLC was selected
as the most useful candidate for replacement for the in-vivo
bioassay.

Table VIII. Physicochemical and In-Vitro Bioassays Used for
Potency/Content Determination

Total Protein Content

Quantitative amino acid composition

UV absorbance (280 nm)

Kjeldahl nitrogen assay

Colorimetric protein assay (e.g., Folin-Lowry)
Chromatography

Reversed-phase HPLC (e.g., insulin)

Size exclusion HPLC (e.g., human growth hormone)
In-Vitro Bioassays

Competitive binding immunoassay (e.g., RIA)

Enzyme-linked immunosorbent assay (ELISA)

Immunoradiometric assay (IRMA) -- dual monoclonal

antibody assay

Receptor binding assay

Cell binding assay

Receptor mimics (anti-idiotypic antibodies)

Immunoelectrophoresis (rocket electrophoresis)
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Table IX. Biopotency of hGH Related Substances

COMPONENT BIOPOTENCY, IU/mg
(body weight gain)

hGH monomer 2.7-3.0

hGH dimer 0.6

(non-covalent)

(Asp 149) desamido 3.0

(Asp 149,152) di-desamido 2.3

(Met 14) sulfoxide 2.3

Isolated total related 2.8

substances mixture

The correlation between size exclusion HPLC and rat bioassay
was extensively studied (9). The correlation of HPLC with the bio~
assay was better than the correlation between the two bloassays
(as judged from the correlation coefficients of the linear
regression curves). These data, as well as the fact that no sign-~
ificant change in biopotency is observed under severe storage
conditions (9), demonstrate that size exclusion HPLC is a suitable
method to use in place of the hypox rat bioassay for routine
batch-to-~batch control of product potency. It is important to
recognize that, in general, a variety of physicochemical tests,
as well as a semiquantitative "bioidentity test" using the tradit-
ionally bioassay, should be used for the characterization of each
production lot to insure consistent product quality.

Extensive biopotency data for insulin related substances have
also been obtained (10). As shown in Table X, dimeric forms of
insulin are essentially inactive, whereas the A-21 desamido deri~
vative is 907 as active as intact insulin.

Summary of Important Issues and Future Directions

The most important issues with regard to analytical technology/

strategy for rDNA derived products are summarized in Table XI.
Some important future directions envisioned for this area of

research/development are outlined in Table XII.
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Table X. Biological Activity of Human Insulin Derivatives

Bioactivity as Z of

Human Insulin Derivative Reference Standard
A21 Desamido insulin 93
B30 Des-threonine insulin 109
Arg A0 insulin 70
Covalent insulin dimers 14
B3 Desamido insulin 98
B3 (beta-aspartyl)desamido insulin 106
A6-B7,A7-All insulin 32
disulfide isomer
Al1-B7,A6-A7 insulin 36

disulfide isomer

Table XI. Important Issues Regarding Analytical
Characterization of Recombinant Proteins

BIOPOTENCY
-Assay precision/speed/cost
~Correlation of in-vivo assays with alternative assays

PURITY ASSAYS
~-Assay time
~Purity definition
~Identification of component structures

CARBOHYDRATE CHARACTERIZATION
~Structural detail routinely required
~Correlation of structure and bioactivity

RESIDUAL DNA ANALYSIS
-Assay time/ruggedness
-Total DNA versus specific sequences

IDENTITY ASSAYS
~More rapid/definitive tests

TERTIARY STRUCTURFE (routine test methodology)
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Development of analytical techniques for control of rDNA
derived products remains an area of exciting new directions and
challenges. Techniques to address the major analytical questions
are being developed at a rapid rate, and as experience is gained
through the successful commercialization of rDNA products, even
better analytical methodologies are expected to become available.

Table XII. Future Directions in the Analytical
Characterization of Recombinant Proteins

BIOPOTENCY
-Increased emphasis on receptor assays
-Receptor mimics
PURITY ASSAYS
-Routine use of capillary zone electophoresis (CZE)
-Rapid HPLC (nonporous/small diameter porous particles)
IDENTITY TESTS
~Peptide mapping by "rapid" HPLC
-Peptide mapping by CZE
-FAB/MS;PD/MS (coupled to microbore HPLC or CZE)
CARBOHYDRATE CHARACTERIZATION
~Routine compositional/attachment site determination
~Structure/functional activity relationships
-CHO sequence by MS; NMR
RESIDUAL DNA DETERMINATION
-Quantitative instrumental methods
~General DNA detection
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Chapter 7

Improvement and Experimental Validation
of Protein Impurity Immunoassays
for Recombinant DNA Products

Vincent Anicetti

Assay Services Department, Genetech, Inc., 460 Point San Bruno Boulevard,
South San Francisco, CA 94080

The presence of impurities in protein pharmaceuticals may
effect the biochemical quality of the product or result in
detrimental effects on the drug recipient . To optimize
separation processes for the removal of impurities highly
sensitive assays are required. An advantage of
recombinant DNA technology is that the production
process and raw materials can be carefully controlled,
which allows the development of highly specialized
analytical methods. Antigen Selected Immunoassays
(ASIA) designed to detect process specific proteins provide
part-per-million sensitivity and can differentiate
impurities from the product despite similarities in their
physical-chemical properties. In this paper the general
strategies for the design of these methods are reviewed and
new studies exploring selected, critical aspects of these
assays are also reported. These areas include the use of
immunoaffinity chromatography as a method of enhancing
the antibody response to poorly immunogenic E. coli
proteins, the selection and characterization of E. coli
protein reference materials and improvements in assay
sensitivity. These results show that immunoaffinity
chromatography, used together with two dimensional gel
electrophoresis, can provide significant gainsin the
production and characterization of these complex reagents
and provide the potential for further improvementsin
product purity.
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The immunogenicity often associated with protein pharmaceuticals
intended for long term and frequent administration has emphasized the
need for high purity in these products. Not until the advent of recombinant
DNA technology, however, could proteins such as insulin (1) or human
growth hormone (2) be produced from well characterized and controlled raw
materials. The routine availability of large amounts of a protein product in
reproducible fermentation harvest materials has allowed the development
of highly refined purification processes and analytical methods. The
combination of these systems and analytical methods have resulted in the
production of gram amounts of proteins at purity levels exceeding 99.99%.

These purity levels are required because protein impurities have the
potential to effect the biochemical quality of the drug or result in
detrimental effects to the recipient, such as the initiation of an immune
response. The immunogenicity associated with human growth hormone is
generally believed to be a multicomponent phenomenon. The individual
patients' immune status (2,3), aggregation or denaturation of the protein
(3,4), additional amino acids (2-5) and the presence of host cell (E. coli)
components (5,6) are potential contributing factors. Current versions of
human growth hormone are quite pure (5,6) and induce a relatively low
incidence of anti-hGH production (7). The production of antibodies to
process-specific E. coli proteins has not been observed with currently
manufactured materials (2). Direct correlations between product purity and
adverse reactions have been made previously, however. Early preparations
of growth hormone used for investigative studies were pyrogenic in one
instance (5) and highly immunogenic in another (3). Both preparations
contained significant levels of E. coli components and the reduction of these
levels was directly correlated with either the absence of pyrogenicity or a
decrease in antibody production (3,5).

These findings emphasize the strong relationship between drug purity
and safety. They have further underscored the need for sensitive and
objective methods for evaluating host cell impurities in recombinant DNA
drug products. This evaluation serves both as an indicator of drug purity
and as a measure of consistency in drug manufacturing (8,9). While
traditional methods of protein purity analysis such as silver-stained
SDS-PAGE (10,11) or chromatographic techniques (9) are sensitive and
widely accepted, these methods will generally fail to detect impurities which
co-migrate or co-elute with the product. Further, such methods frequently
suffer the limitation that they are variations on the purification process
steps and thus cyclic in their analyses. A solution to this problem resulted
from the use of immunoassays for the detection of E. coli protein
contaminants (6,12,13). These systems are advantageous because the
specific nature of antibody-antigen binding allows the detection of
impurities in the presence of a large excess of the protein product and
regardless of most physiochemical similarities between the contaminating
protein(s) and the product.

These immunoassays rely on the production of polyclonal antibodies to
host cell and medium proteins which represent the most probable final
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product impurities. These reference protein impurities are used as the
standard material in a typical sandwich ELISA and the final product is
measured against this reference material (6). The key stepsin the
development of these assays is shown in Figure 1. Immunoassays normally
detect ng/mL amounts of protein, thus when a mg/mL or more of product is
tested the assay system has a sensitivity at the part-per-million level (ng
impurity per mg product). Although this design is simple in theory a
number of technical problems reside within the development of these
assays. These problems revolve around the selection of the protein reference
material, the method for production of antibodies to the reference material
and validation of the assay.

The production and isolation of the reference impurities will
ultimately determine the validity of the assay. The reference material will
define which impurities are detected because it is used to produce the
antibodies used in for the assay. Also, because it is the standard against
which the final product impurities are quantitated the distribution of
proteins in the reference material should closely approximate that of final
product material.

Based on total DNA content the E. coli genome could code for 3000 to
4000 individual proteins (14), and a total of perhaps 1500 have been
visualized by two-dimensional electrophoresis during different growth
conditions (15,16). Further, the proteins produced vary with the growth
phase of the cell and the composition of the growth medium (6,15,16). These
numbers are larger and the potential distribution more complex for
mammalian host cell systems. From this complex mixture a process specific
subset will be enriched, and therefore the distribution reference impurities
must be refined to represent that population.

The process specific selection of the host cell proteins is an absolute
requirement because the sensitivity and specificity of the assay system is
determined largely by the number of proteins in the reference material.
This is a result of the mechanical limitations of ELISA systems and the
immune response, which will be biased to those proteins in the highest
concentration or which are the most immunogenic. Our studies of
impurities isolated at various steps in the growth hormone process revealed
that most components observable by two dimensional gel electrophoresis
and silver staining at any particular process step were not observable by the
same analysis at the preceding process step (V. Anicetti, unpublished data).
The isolation of the reference impurities at the fermentation harvest or too
early in the purification process will result in an assay directed to largely
irrelevant proteins. These and similar observations (6) suggest that a
generic impurity assay will not be possible without a major change or
improvement in the assay technology.

The ideal reference preparation would contain exactly those host cell
proteins, medium proteins and process raw materials (i.e., a monoclonal
antibody) that are present in any particular final product lot. Further, the
reference impurities would be present in the same distribution and
biochemical quality as those in the final product. Without knowledge of the
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Option | Option Il
Blank Run Production Run
Host cell lacking Host cell with

product gene product gene
Process specific Process specific

purification of final

C purification of final
product impurities

product impurities
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Product removai

Impurities

[mpurities Impurities
affinity affinity
column column

Immunoaffinity Immunoaffinity

purification of specific purification of specific
antibodies antibodies

Assay Development

Reagent characterization and validation

Key steps in the development of protein impurity assays. The
reference impurities may be obtained by a process specific
purification of host cell proteins arising from a blank runora
production run. While the production run is a more accurate
population of potential impurities, the product removal step
involves significant technical difficulty.

Figure 1.
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identity of impurities at the part-per-million level and because most
purification processes will have subtle variation, the selection of the
reference material can, at best, only approximate the most likely final
product impurities (6,17). Further, a prudent approach suggests the
reference preparation be broader in composition than the normal final
product population to allow for small variations in fermentation and
purification from run to run. Itis generally agreed that the best
representation of the manufacturing process results from a large scale
fermentation and purification run in which broader pools are taken to
anticipate minor variations in individual chromatographic behavior.

Two general approaches to production of the reference impurities may
be used and either is acceptable with the appropriate validation studies.
The first approach attempts the isolation of impurities at a suitable step in
the purification process during a manufacturing run. Thisisolation is
followed by a further separation of the product from the impurities, which is
normally achieved by immunoabsorption.

This strategy is attractive because the impurities will reflect exactly
those produced by the host cell during product expression and which co-
purify with the product through the process. The immunoabsorption
procedures required for this approach, however, are difficult to perform and
validate at the part-per-million level (i.e., ng of impurity per mg of protein
product). All of the product, product fragments and product-impurity
complexes must be removed without the loss of any of the impurities. Any
residual product will produce antibodies during immunization and render
the assay nonspecific. Conversely, the immunoabsorbtion step must not
remove any of the impurities. An exact demonstration of these criteria at
the ppm level is not possible with currently available non-antibody based
analytical methods.

An alternative is the ’blank run’ approach where a fermentation of the
host cell lacking the product gene is performed and purified through the
process to a point where the product is normally 95 to 99% pure (6,17). Two
key assumptions are made in this strategy, the first is that the lack of
product expression does not significantly effect the population of in-process
impurities and second, that the lack of product does not significantly effect
the chromatography of the impurities. To test the latter, an E. coli paste
was purified through the growth hormone process in the presence and
absence of a small amount of growth hormone and analyzed by two
dimensional electrophoresis with silver staining (Figure 2).

Examination of the resulting gels demonstrated the reference
impurity population to be quite complex, composed of over one hundred
individual spots. It was also apparent that the two purification runs, which
were performed at manufacturing scale, demonstrated a remarkably similar
distribution of impurities. Finally, the addition of a small but significant
amount of growth hormone (approximately 5-8%) to the starting cell extract
did not appear to grossly affect the distribution of the impurities and, thus,
their chromatographic behavior in the process (Figure 2, panel A). The
exact experiment, where growth hormone is 95 to 99% of the protein load,
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Figure2. Comparison of ‘blank run’ reference impurities obtained from a
single E. coli lysate but purified through the process in the
presence of growth hormone (panel A, arrow) or the absence of
growth hormone (panel B). These silver stained 2-D gels
demonstrate that the absence of the product did not
significantly change the distribution of impurities and therefore
their chromatographic behavior in the process.
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cannot be performed because of the sensitivity limitations of silver stain for
any individual component. These data, however, provide an adequate level
of assurance that the 'blank run’ approach is reasonable for this process.

The detection and accurate quantitation of any protein in an
immunoassay requires that a condition of antibody excess exist. This s
required for each protein in the reference impurity preparation. The
acquisition and characterization of broad spectrum antisera against
complex protein mixtures, therefore, is a fundamental goal in the
development of these assay systems.

The production of broad spectrum antisera to protein mixtures
presents two problems. First, immunization with mixtures of proteins may
be complicated by their distribution in the mixture and the properties of
each component. Also, the host response may be dominated by antigens in
high concentration or those which are strongly immunogenic. While the
evolutionary distance of E. coli from mammals might suggest that all E. coli
proteins would be strong immunogens, examples of shared antigenic
determinants are known and it is possible that tolerance to these
determinants may occur (18-20). Tolerance is a greater concern with
mammalian cell production systems where production may be in rodent
cells (i.e. Chinese Hamster Ovary cells) and the immunization program is
conducted in a closely related species (rabbit or mouse). Finally, antigenic
competition has been demonstrated as a complicating factor in
immunization procedures using mixtures of E. coli proteins (20,21).

Second, methods for the characterization of complex antisera are
difficult. Antisera toE. coli protein mixtures have been developed with
impressive spectra of reactivity using conventional immunization methods
(6,22-23). An exact assessment of the spectrum of antibody reactivity is
often limited, however, by the resolution of the analytical methods used.
Counter immunoelectrophoresis is limited by the relatively low sensitivity
of detection and resolution for complex mixtures of reacting species. One
dimensional silver stained SDS-PAGE and immunoblotting provides
sensitive detection limits but lacks resolution. Therefore, methods which
have a high degree of resolution and sensitivity are required to best compare
potential improvements in the production of antibodies to minor
components in the mixture.

Two immunization procedures designed to enhance the immune
response to multiple antigen mixtures have been reported recently. The
cascade immunization technique (20) utilized in vitro depletion of E. coli
proteins (ECPs) which had previously elicited an antibody response. The
removal of these dominant immunogens from the mixture was accomplished
by immunoabsorption with antibodies obtained from an earlier antiserum.
The passive immunization procedure (21) relied on in vivo blocking of strong
immunogens by the concurrent administration of early antiserum obtained
previously. This latter report demonstrated the presence of an apparently
poorly immunogenic ECP to which a humoral response could only be elicited
by this passive procedure.
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Given the potential of these methods to improve antibody production
to multiple antigen mixtures, we performed a comparison of these two
methods to a conventional immunization procedure reported previously (6).
In addition, we selected two dimensional electrophoresis and
immunoblotting as a tool to examine the production of antibodies to minor
components of the ECP mixture.

For these studies a cell paste of E. coli K-12 containing the plasmid
pBR322 was processed by ammonium sulfate precipitation and ion exchange
chromatography to mimic typical purification process steps. The isolated
proteins were then used as the immunogen for three groups of three rabbits
each.

The first group underwent a conventional immunization procedure (6)
in which one half mg of ECPs were administered subcutaneously in
Complete Freunds Adjuvant (CFA) on day one and in Incomplete Freunds
Adjuvant (ICFA) on day 7. The rabbits were boosted every 14 days for
160 days and serum collected 7 days after each boost.

A second group underwent the passive immunization procedure. The
protocol was similar to the conventional immunization procedure except
injections of antigen also included a concurrent intravenous injection of
0.5 ml of serum obtained from the same individual rabbit seven days earlier.

The third group underwent a modification of the cascade
immunization procedure (24). After a primary injection of ECP in CFA and
a subsequent injection in ICFA a serum sample was taken seven days later
and the IgG fraction used to prepare an affinity column. The entire ECP
mixture was passed over the column and fractions which were depleted of
one or more ECPs (as determined by silver stain SDS-PAGE and compared
to the starting preparation) were used for the subsequent immunization
injection. This procedure of ECP adsorption was repeated with subsequent
antisera obtained on days 28 and 42 and the resulting depleted ECP
fractions used for injections on either days 35 or 49 and 62, respectively
(Figure 3). Thereafter the rabbits received injections as described in the
normal immunization procedure.

It was clear from this study that affinity chromatography with early
antibodies (after careful analysis and pooling of the column flowthrough by
a very sensitive method such as silver stain SDS-PAGE) can be used to alter
the distribution of the reference immpurity protein mixture toward those
components which were in low concentration or poor immunnogens.

The best method to determine the success of antibody production to the
minor components was made by two dimensional SDS-PAGE and
immunoblotting (24). A comparison of the antisera (day 112 antisera) from
the three groups demonstrated that the cascade immunization antisera
detected a number of minor components (Figure 4C, arrows) which were not
observed with the conventional or passive antisera (Figure 4B and D). It
was clear from these results that the cascade antisera was far superior in its
spectrum of antibody reactivity and, in fact, was comparable or superior in
detection of ECPs to silver stain (Figure 4A). Although silver stain
appeared to have an improved detection of certain low MW or basic proteins,
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Figure 3.
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Selection of ECP subpopulations for progressive iterations of the
cascade procedure by silver stained SDS-PAGE. Lane 2in each
panel shows the entire ECP mixture used as the column load
and lane 8 shows the column flowthrough fraction used for the
next injection. Panel A demonstrates the affinity
chromatography performed with day 14 antisera, Panel B with
day 28 antisera and Panel C with day 42 antisera. The arrow
shows ECPs depleted by the early antibodies. The progression
of the immune response is clearly apparent although it is clear
not all of these proteins are equally immunogenic. A 50 Kd
protein has saturated its respective antibody and begun to flow
through the column (Panel & lane 4). Reproduced with
ermission from Ref. 24. Copyright 1989 The Humana Press
ne.
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Figure4. Separation and detection of ECPs by two dimensional gel
electrophoresis. A: Silver stained. B: Immunoblot with
conventional procedure day 112 antisera. C: Immuunoblot with
cascade procedure day 112 antisera. D: Immunoblot with
passive Immunization procedure day 112 antisera. Exposure
time was 24 hours. Reproduced with permission from Ref. 24.
Copyright 1989 The Humana Press Inc.
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a longer exposure of the blots to increase sensitivity showed that a large
number of additional spots could be detected. These included many of the
low MW and basic components observed only by silver stain previously and
may have reflected the lesser immunogenicity or differential transfer of
these proteins. Many spots which were detected only by the cascade
antisera at 24 hours could be detected by the conventional antisera at 48
hours. This suggested that the differences in reactivity were primarily the
result of differences in antibody titer.

Different reactivity of antisera were not the result of differential
transfer of proteins because the same sheet of nitrocellulose was used for all
of the blots after washing with acid between experiments. The addition of
125] labeled protein A without primary antisera to the acid washed sheet did
not reveal the presence of non-acid elutable antibodies after a 24 hour
exposure. Also, proteins were not eluted from the sheet because re-blotting
with the cascade antisera demonstrated the identical pattern after blotting
had been performed with each of the group antisera (24).

These data suggested that a mechanism of early priming of the
immune response though the cascade procedure resulted in a broader
spectrum of antibody reactivity. This improvement also required additional
time (56 days) and/or subsequent injections of the total antigen mixture
because similar experiments with day 56 antisera demonstrated equivalent
antisera reactivity (24).

The continuing refinement in the selection of reference materials and
the production of antibodies to complex protein mixtures has resulted in
immunoassay systems of remarkable sensitivity and specificity. In
particular, the selection and enrichment of the antibody population by
immunoaffinity purification against the reference impurities has afforded
an additional level of control over the production and validation of these
reagents and served to improve the assay range and sensitivity (6,17). This
normalization of the antibody population to a stoichiometric relationship
with the reference impurities has suggested the term Antigen Selected
Immunoassay (ASIA) for these methods.

The improvement of ASIA methodology and validity has resulted in a
continued refinement of purification processes and improved product
quality. With each incremental improvement in product purity, however,
any further advance is at least partially limited by the sensitivity of the
assay system. Thus, improvement of product quality is often directly linked
to improved sensitivity in the corresponding analytical method. One
method commonly employed to improve immunoassay sensitivity is through
the use of F(ab)2 antibody fragments (25). Using an ECP assay for growth
hormone, we examined the use of F(ab)s antibodies as a reagent in
comparison to the intact IgG antibody (Figure 5). It was clear from this
study that the F(ab)g reagent resulted in a far more sensitive and precise
assay system. This improvement was achieved primarily by decreasing the
non-specific noise associated with this system. The resulting detection limit
of 50 pg/mL ECP corresponds to a sensitivity of 0.02 ppm when 2.5 mg/mL
hGH is tested (our normal assay concentration). Thus the careful
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production, selection and refinement of antibodies can provide the ability to
detect protein impurities approaching the one ppb level.

Conclusion

The validity of any statement about the purity of a protein is directly linked
to the quality of the analytical method used. The validation of
immunoassay systems to detect protein impurities in rDNA
pharmaceuticals must be achieved by careful production and
characterization of the assay reagents. The studies presented here
demonstrate that the blank run approach is reasonable for the isolation of
reference materials and that high quality broad spectrum antisera can be
produced to these mixtures. Significant improvements in assay sensitivity
approaching the ppb level are attainable and should provide the methods to
further improve product purity.
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Chapter 8

Minimum Variance Purity Control
of Preparative Chromatography
with Simultaneous Optimization of Yield

An On-Line Species-Specific Detector

Douglas D. Frey

Department of Chemical Engineering, Yale University, New
Haven, CT 06520

Statistical process control methods are applied to preparative
chromatography for the case where cut points for the effluent
fractions are determined by on-line species-specific detection
(e.g., analytical chromatography). A simple, practical method is
developed to maximize the yield of a desired component while
maintaining a required level of product purity in the presence of
measurement error and external disturbances. Relations are
developed for determining tuning parameters such as the
regulatory system gain.

Several investigators [see, e.g., Kalghatgi and Horvéth (1) and DiCesare et al.
(2)] have developed columns and instrumentation for carrying out rapid
analytical liquid chromatography which are well suited for on-line monitoring
in the biotechnology and pharmaceutical industries. One potential application
for on-line monitoring using analytical chromatography is as a species-specific
detector for determining effluent cut points in preparative chromatography. A
detection system of this type has the potential to meet product quality and
system performance requirements for a preparative chromatographic separation
more reliably than if simple timers or nonspecific detectors are used.

Figure 1 illustrates a preparative chromatographic process which
employs on-line analytical chromatography as a species-specific detector. In
general, the solute to be purified (i.e., the desired component) is produced
either continuously or in batches in an upstream process and usually enters an
intermediate storage tank before it is introduced in individual feed slugs into
the preparative column. As shown in the figure, a number of streams are fed at
programmed times to the inlet of the preparative column. The compositions of
these inlet streams depend on the particular type of preparative chromatography
under consideration, as discussed below. The effluent from the preparative
column is monitored by the analytical chromatographic system. The
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142 ANALYTICAL BIOTECHNOLOGY

information derived from this monitoring is then used to actuate a valve which
directs effluent fractions either into a product tank, into a tank containing
material to be recycled, or into a waste tank. The control of the valve which
sends the column effluent into collection tanks (i.e., the location of the effluent
cut points) is a key factor in accomplishing a number of objectives, such as
optimizing the recovery of the desired component or attaining a required
product purity.

Figure 2 illustrates the effluent concentration profile for a particular
operating mode of preparative chromatography, termed displacement
development, in which a displacer solution is used to separate a desired
component (component 2) from two impurities (components 1 and 3). This
type of preparative chromatography involves first equilibrating the column with
a carrier and then introducing a feed slug into the column which contains the
desired component together with the impurities. Next, a displacer solution
containing a component which is more strongly adsorbed than any of the other
components is introduced into the column such that a succession of contiguous
bands is produced in the column effluent. After the desired component is
collected in the product fraction, the displacer solution is washed from the
column, the column is cleaned, and then re-equilibrated with the carrier so that
the cycle can be repeated. Further details concerning the operation of
displacement chromatography are discussed in reference 3.

Also shown in Figure 2 are the locations of two cut points defined by
the instantaneous purities P, and P, where P is the mass fraction of desired
component. It should be noted that on-line species-specific detection for
determining cut points is particularly useful in displacement chromatography
since the formation of bands in close proximity to each other makes
nonspecific detection (e.g., the monitoring of UV absorbance) ineffective. Note
also that fixed values for P, and P, will in general not correspond to a fixed
value for the purity of the product fraction, which is presumed to be measured
off-line and will be denoted by the symbol P,. For example, if the
concentration of the desired component in the feed tank to the preparative
column is reduced or if the relative sensitivity of the monitoring method to the
impurities decreases, the values of P, and P, used to define cut points would
have to be increased if the desired average purity for the entire product fraction
is to be maintained.

Obijectives

In addition to the actual analytical instrumentation and associated equipment
shown in Figure 1, another aspect of on-line monitoring is the use of
information acquired from these monitors to fullest extent possible. In
particular, although using specific detectors to determine cut points in
preparative chromatography has advantages over using simple timers,
preparative chromatographic processes employing specific detectors are still
subject to measurement error (e.g., run-to-run variations due to baseline drift in
the analytical chromatographic system) as well as to uncontrollable external
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Figure 1. Use of analytical chromatography as an on-line species-specific
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disturbances, such as changes in feed composition or imprecisely repeated
column cleaning procedures between successive production cycles.

The purpose of this study is to develop a simple method which can be
applied to preparative chromatography for the purpose of maximizing the yield
of the desired component (i.e., maximizing the fractional recovery of desired
component in the product fraction) while achieving a required product purity in
the presence of measurement error and external disturbances. The development
presented in this study applies to all modes of preparative chromatography
(e.g., gradient elution, displacement development etc.) where the column is
overloaded with feed such that bands for two impurities (one located upstream
and one downstream of the desired component) are not completely resolved
from the band for the desired component. For simplicity, this study will be
restricted to the case where the desired component is collected in a single
product fraction from the column effluent and where recycle of partially
purified product is not employed. Furthermore, it is assumed that a tight
constraint is imposed on purity; i.e., purity is not allowed to vary in either
direction from an optimal set point. The value of the purity set point is
generally chosen to address two considerations: (i) purities lower than a certain
minimum purity require that the entire product fraction be reprocessed and (ii)
purities higher than needed for subsequent downstream processing result in a
lower yield than could be attained otherwise. Specifically, this study will
discuss the design and operation of an on-line feedback system which uses
statistical methods (see references 4-8) in order to perform the following tasks:
(i) identification of statistically significant trends in product purity in the
presence of measurement error, (ii) correction of cut point locations as defined
by species-specific on-line detection before product fractions deviate
significantly from a purity specification, and (iii) optimization of product yield.

Process Variables

The variables P, P, ¢, L P and Y will be defined only at time points
corresponding to when P, is measured i.e., these variables will be discrete in
time rather than continuous and will incorporate the subscript k£ to denote a
specific time point corresponding to each production cycle. In addition, the
operator A will be used to denote that a variable is evaluated as the deviation
between its actual value and a reference value corresponding to a cyclic steady
state; i.e., AP bk is the deviation variable for product purity for the time point &
and is equal to the actual product purity minus the desired (i.e., set point)
purity. It is assumed in this study that measurement of the output variable AP
at the time point k occurs simultaneously with the adjustments to the input
variables AP, and AP, which affect the product fraction produced at the time
point k+1. In addition since recycle streams are not considered in this study,
it follows that if AP, ; differs from APu t.1» the full effect of this change is
manifested in a change in APp from its value for the time point k to its value
for time point k+1.
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Optimization of Yield

One advantage in using specific detection to monitor the effluent from a
preparative chromatographic process is that it becomes a simple matter to
maximize the yield of the desired component for a fixed product purity. In
particular, if A; and A; ,,; are the amounts of component i in the product
fraction and feed slug, respectively, and if component 2 is the desired
component, then Pp, P, Py Y, and dA; are given as follows (see Figure 2):

Ay
p Al +A2+A3

p, - 2w @)
C2,u t C3,u
py - 24 3)
Cra*+ Coa
yo B2 @)
A2,feed
®)
dA‘- = F(C",u dtu - Cl,d dtd)
Equations 1 - 5 lead to the result
1-P FP
dP, = P _ da, + P (Crgdty- Cyudr) ©

p_A1+A2+A3 2 A1+A2+A3

Equation 6 indicates that if changes in the cut point locations (e., dz,
and dt;) are chosen to satisfy the constraint dP, = 0, the further restriction
P, = P, ensures that d4, = 0. This implies that the largest yield for a given
product purity is attained simply by setting P, = P;. Thus, in the regulatory
system developed in this study, the required product purity will be attained by
manipulating a single independent input variable (i.e., P;) and the yield will be
maximized by setting P, = P, ;.
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Linearized Process Model

For the case where perturbations from a cyclic steady are moderate in
magnitude, it is convenient to employ a linearized process model when
designing a regulatory system. In particular, if the effluent profiles are
linearized locally about the upstream and downstream cut points, and if the
yield is maximized by enforcing the restriction Poe=Pyps Equations 1 - 5 lead
to the following result:

dty dr,
E(Ppcl’d—(l —Pp)C2’d)— P, (PpC3’u—(l —Pp)Cz’u)
p Al + A2 + A3 ’

)

where the entire quantity in square brackets in Equation 7 is the steady-state
process gain (which will be denoted by the symbol g) and is evaluated at an
average value characteristic of the operating range of interest. Note that B is
the backward shift operator defined by the relation B" AP, =APy 4 e

Disturbance Model

One aspect of developing a statistical regulatory system for P, is to identify the
behavior of this variable if P, and P are held constant. For tﬁe case of
preparative chromatography, the resulting behavior of P, would tend to be a
combination of fluctuations with a fixed average (e.g., white noise measurement
error from the on-line monitoring method) and fluctuations which drift in time
(e.g., random walk behavior resulting from external disturbances, such as
variations in feed composition). The net result is a disturbance model of the
following form:

where D, is the value of AP P when P, and P, are held constant, X, is a
random walk process, and B, is a white noise process with zero mean. Note
that a random walk process has the property that the difference in its values
from the k to the k+1 time point is described by white noise. X, can therefore
be written in the form
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where o is a second (independent) white noise process. Equations 1 and 2 can
be combined to yield

(1-B)Dp=(1-06B)(;+Bp (10)

which is the standard form for a first-order integrated moving-average process
(4). In Equation 10, 8 is a parameter varying between zero and unity which
characterizes the relative importance of white noise measurement error.
Methods for determining 6 from process data are described in reference 4.

The minimum variance prediction of D, ; using information at D is
given by the quantity D, - 6 (o, + B,). Since the error in this prediction is
given by oy, ; + B}, it follows that when Equation 10 applies, the following
relation also applies for the minimum variance prediction of D, ; (4):

(1-8B) Dy =(1 -8)D, (11)

Figure 3 illustrates typical behavior for the product purity when P, and
P, are held constant. This figure was calculated using Equation 10 with a
white noise process having a standard deviation of 0.0075 together and with 6
= 0.5. The basic goal of a regulatory system in this case would be to correct
for the random walk component of the purity error, i.e., the downward drift in
purity between cycles 30 and 80. As noted above, drifting behavior of this
type can be envisioned as being caused by a change in feed tank composition
which is in tum caused by perturbations having random walk behavior located
upstream from the preparative column. Note that a correction for random walk
behavior would be accomplished by adjusting the purities defining cut point
locations (i.e., P, and P,) and should be performed in such a manner that the
regulatory system does not respond unduly to white noise.

Regulatory System

Figure 4 illustrates the operation of an internal model control system (5)
designed to use P, as a manipulated variable to minimize the variance of the
purity error AP_ while optimizing Y. As shown in the figure, the effect of the
change in P, at the time point k-1 is subtracted from the measured output
variable (i.e., the purity error) at the time point k in order to determine an
estimate of AD; i.e.,

ADszPp,k—gBAPu,k (12)

This value for AD; is then filtered (after accounting for purity set point
changes) using a minimum variance predictor (see Equation 11) to provide an
estimate of AD; ;. The optimal manipulation of P, at the time point k is then
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Figure 4. Internal model control representation of a minimum variance
control method for product purity with simultaneous optimization of
product yield.
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determined using the inverse of the process model given by Equation 7; i.e.,

1 4
AP,y = -8 ADpip (13)

Although Figure 4 provides a conceptually simple framework for
minimizing the variance of P, from its set point, there is a much simpler
relationship which can be used to relate the manipulated input AP to the purity
error. In particular Equations 9-12 can be combined to eliminate Dy, oy + B,
and the minimum variance prediction of D, ;. In addition, if g is evaluatcd
using the process model dcscnbcd by Equation 7 and if the term (1 - B)
expanded to yield 1 + B + B2 + ..., then the following relation results:

-1
- (1 _Pp) Czyu)

APd,k=—

(14)

Equation 14 describes a discrete integral controller which minimizes the
variance of the purity error by summing the error in P, for the time points
from O to k, multiplying this sum by a controller gain, and then using the
product to determine AP, Note that values of 0 near zero correspond to
aggressive control which guards against random step changes in P caused by
external disturbances for the case where there is little white noise mcasurcmcnt
error. In contrast, values of 0 near unity correspond to sluggish control, which
is appropriate when white noise measurement error is dominant. Note also that
in the absence of measured values for 6, this parameter can be employed as a
semi-empirical tuning parameter which varies between zero and unity (8). In
particular, an initial design would generally use a value of 0.5 for 8 and, after
operating experience is obtained for the particular system under consideration,
6 can be adjusted either towards zero or unity to make the regulatory system
either more or less tolerant of white noise.

Summary

Statistical process control methods are applied to preparative
chromatography for the case where effluent cut points are determined by on-
line species-specific detection. In particular, Equation 14 (with the quantity in
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square brackets evaluated at an average value characteristic of the operating
range of interest) together with the restriction Pd ¢ = P, can be used as a
simple, practical method for minimizing the variance of the purity error while
optimizing the product yield in the presence of measurement error and external
disturbances.
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Legend of Symbols

A total amount of component in product fraction (g)
B backward shift operator

C concentration (g/1)

D uncontrolled output (disturbance)

Dy, Jk minimum variance prediction of D, ,; from D,

F volume flow rate (cm3/s)

PP, purities defining downstream and upstream product cut points
P, purity for product fraction

t time (s)

X random walk process

Y yield of desired component in product fraction
Subscripts

13 impurities

2 desired component

d downstream cut point

feed feed slug
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cycle number
product fraction
set point

upstream cut point

Greek Symbols

B

A

)

white noise processes
deviation from a steady state

parameter in Equation 10
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Chapter 9

Amino Acid Sequence—Mass Spectrometric
Analyses of Mating Pheromones of the Ciliate
Euplotes raikovi
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Irvine, CA 92717
Department of Cell Biology, University of Camerino, Camerino, Italy
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Mating pheromones are secreted
into the medium by the ciliate_Euplotes raikovi, a free living marine
oréanism, where they act as mating type specific signals that distinguish
ditferent intraspecific classes of cells. Thus these soluble factors aid in the
communication between cells that leads to conjugation by inducing
formation of mating pairs following interaction with cell surface receptors.

It has been proposed (1) that ciliate mating types evolved as a
mechanism of self recognition similarly to autocrine secretion systems of
higher animals the cells producing the mating pheromones have functional
external receptors for their own secreted molecules. This model assumes that
each cell-type specific mating pheromone may bind either to receptors on
cells producing the same pheromone (homologous binding) or receptors on
cells unable to produce that pheromone (heterologous binding), but only the
second one will be able to generate a mating reaction through a competitve
mechanism leading to the loss of self recognition. Mating pheromones that
have been isolated and partially characterized from ciliates are those from
Blepharisma japonicum (2-4), E, raikovi (5-8), and Euplotes octocarinatus (9,
10). It has been shown that in these two species of Euplotes many different
mating pheromones are produced and the polymorphism is particularly high
in E, raikovi. They are proteins controlled by a series of alleles codominant
at the Mendelian mating type (mat) locus (7). The analysis of the mechanism
of mating type inheritance showed a diffused condition of heterozygosity in
the wild-type parental strains for different codominant mat alleles. The
allele mat-1 segregates with Er-1 (designated abbreviation to indicate E.
raikovi mating pheromones) and confers mating type I to the cells, mat-2
segregates with Er-2 confering mating type II, etc. (11). The homozygotes
produce only one Er type while the heterozygotes behave as a combination of
the two (co)rresponding homozygotes and produce two Er types as individual
species (7).

Five mating pheromones (Er-1, Er-2, Er-3, Er-9, and Er-10) have
been isolated and purified to homogeneity; the sources are E. raikovi cells
homozygous for the allele mat-1, mat-2, mat-3, mat-9, and mat-10,
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respectively, The purification, initiallly developed for Er-1 (6), involved a
three-step procedure based on reverse-phase chromatography on Sep-pak
C,g cartridges, gel filtration on Sephadex G-50, and ion exchange
chromatography on a Mono Q column. As summarized in Table 1, they
constitute a homologous family of small proteins with an averaged molecular
weight of 10,000, reflecting their native homodimeric structure; they are
acidic, with isoelectric points in the range 3.7-4.0, and they are characterized
by a variable number of amino acids with a prevalence of acidic and half-
cystine residues. They all have aspartic acid as unblocked amino terminal
amino acid. This is consistent with the cleavage of the mating pheromones
from larger precursor molecules, as recently demonstrated for Er-1 from
¢DNA sequence studies (12).

Table 1
Properties of Euplotes raikovi Mating Pheromones
Subunit Molecular Weight: 4,000 - 5,000
Subunit Structure: Non-covalent homodimer
Amino Acid Content: 38 - 40 residues
15 - 16% Cystine
2.5 - 5% Basic residues
12.5 - 17.5% Acidic
residues
Isoelctric Point: 3.7-4.0
N-terminal: Aspartic acid (free)
CHO: None

The primary structure of Er-1 was the first one to be completed (13)
and will be described in grater detail. As shown in Fig. 1 the sequence was
determined by automated Edman degradation of the whole protein and
peptides generated from four different hydrolyses, cyanogen bromide,
trypsin, Staphylococcus aureus V8 protein, and chymotrypsin of the
carboxymethylated protein. These peptides were separated by reverse phase
chromatography, subjected to amino acid analysis, and eventually automated
amino sequence analysis. The analysis of the undigested carboxymethylated
protein identified the first 20 amino acid residues. The cyanogen bromide
cleavage yielded only one soluble peptide, constituting the carboxy-terminal
portion of Er-1. The insoluble fraction was further subjected to trypsin
digestion and four peptides were partially sequenced. From S. aureus V8
protease digestion seven peptides were recovered and their analysis and
alignment provided most of the sequence of Er-1, as only one peptide was
not recovered. The data to complete the sequence were provided by the
amino acid sequence of a 20-residues peptige generated by a chymotrypsin
digestion. The last two residues of Er-1 were determined by
carboxypeptidase Y digestion confirming the carboxyl-terminal sequence.
The sequence determined accounts for a single chain of 40 residues.

This complex strategy, considering the relative small size of this
structure, was dictated by the initial discrepancy in the expected molecular
weight (' 12,000) and that finally reported (4,410). Determinations of the
native and subunit molecular weights of Er-1, as well as of the other mating
pheromones, have varied over a wide range, making intrepretation difficult.
A value of 12,000, was initially estimated on native samples of Er-1 on a Bio-
Gel P-10 gel filtration chromatography (6), but more recent data from a gel
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filtration performed on a Superose-12 column suggested a value of 9,000, and
sodium dodecyl sulfate polyacrylamide gel electrophoresis revealed the
presence of a diffused band in the range of 4,000-5,000.

A conclusive assignment of the molecular weight of the mating
pheromone Er-1 was given by mass spectral analysis. A sample of native Er-1
was subjected to Cf-252 fisssion fragment ionization mass spectrometry using
a mass spectrometer constructed at the Rockefeller University (14). As
shown in Fig. 2 a strong protonated quasimolecular ion (M + H) ™ appears
in the positive spectrum at m/z 4411.2, corresponding to an isotopically
averaged mass of 4410.2. This value is in agreement with the calculated
molecular weight of 4411.0 from the proposed sequence.

Er-1 contains 6 half-cystine residues in the native molecule and,
consisting with it being an extracellular protein, they probably exist as either
intra- or inter-chain disulfide bonds. The molecular weight obtained from the
sequence is inclusive of the existence of three disulfide bonds and the
presence of a minor peak at m/z 8819 in the mass spectrum is suggestive,
considering the data from other molecular weight determinations, of a native
homodimeric structure (or possibly higher aggregates) with the subunits
associated by noncovalent t}())rces.

Analysis of the other mating pheromones by mass spectrometric
analysis under the same conditions used for Er-1, gave a strong protonated

uasimolecular ion appearing in the positive spectrum at m/z 4297.5 for Er-2
?corresponding to an isotopically averaged mass of 4296.5) and a m/z 4190.7
for Er-10 (corresponding to an averaged mass of 4190.2) (Fig. 2). These
values are in agreement with the calculated masses of 4297.1 for Er-2, and
4191.7 for Er-10, from the respective pro osed sequences. The spectra of
both Er-2 and Er-10 also contain, as in the case ot Er-1, a secondary peak,
much weaker, at m/z 8593 and 8380, respectively. This findintg supports a
native homodimeric structure, common to all the members of this family of
proteins.

Different strategies were used for the determination of the sequences
of Er-2 (Raffioni, S., Luporini, P., Miceli, C., and Bradshaw, R.A., manuscript
submitted), and Er-10 85), respectively. Automated Edman degradation of
intact carboxymethylated Er-2 that permitted the identification of the first 25
residues, with only three equivocal positions, and of peptides generated by
cyanogen bromide cleavage at the four methionine residues were sufficient to
provide the coLniplete amino acid sequence. Carboxypeptidase Y digestion
was used to confirm the last two residues at the carboxyl terminal. The
complete amino acid sequence of Er-10 (15) involved automated Edman
de%radation of the entire protein after performic acid oxidation which
yielded the first 30 positions with the exception of six residues. Five of them
were subsequently 1dentified to be half-cystines during Edman degradation of
peptides derived by cyanogen bromide and by_S. aureus V8 cleavage of
carboxymethylated Er-10. As only one methionine is present in this
pheromone, peptides derived from cyanogen bromide cleavage were
analyzed without further separation. To complete the sequence, a peptide
obtained after fractionation on a reverse-phase HPLC on a Cyg column of a
digest from S. aureus of carboxymethylated Er-10 was sequenced for all of its
23 residues.

In order to assign the disulfide bonds of these molecules fast atom
bombardment mass spectrometry (FABMS) which has been used not only to
confirm amino acid sequence data but also to elucidate post-translationa
modifications of proteins, such as disulfide bonds, has been employed. For
this purpose a sample of native Er-2, containing four methionines, was
subjected to CNBr cleavage and without further fractionation directly
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Fig. 2 Cf-252 fission fragment ionization time-of-flight mass spectra of Er-1,
Er-2, and Er-10. The region between m/z 1600-10000 is shown. M designates
the intact Er molecule. The data for Er-1 are taken from ref. 13 by
permission of the American Society of Biochemistry and Molecular Biology.
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Fig. 3 Comparison of the amino acid sequences of the mating pheromones
Er-1, Er-2, and Er-10. A two residue-shi?t and one gap have been arbitrarily
introduced in Er-2 to improve the alignment with the other two pheromones.
The half-cystine residues have been emphasized by asterisks.
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Fig. 4 Pepplot graphic of secondary structure predictions of the mating
pheromones Er-1 (a), Er-2 (b), and Er-10 gc). Dotted lines are used to
distinguish the curves for alpha structures from the curves for beta structures.
The horizontal dotted and solid lines indicate the minimum levels for
predicting beta and alpha structures. The data for Er-1 are taken from ref. 13
and Er-10 from ref. 15 by permission of the American Society of
Biochemistry and Molecular Biology and the American Chemical Society,
respectively.
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analyzed on a JEOL HX100HF mass spectrometer. A ion of m/z of 1343.93
has been detected which is consistent with a disulfide-bonded peptide pair
composed of peptides CB-3 and CB-5 indicating a disulfide bond between
Cys II and Cys VL Attepts to determine the other two disulfide bonds from
this cleavage have been unsuccesful. A combination of chemical and
enzymatic cleavages of the different mating pheromones and separation of
the peptide mixture by HPLC before FABMS analysis are in progress to
establish the complete disulfide pattern.

A comparison of the sequences of Er-1, Er-2, and Er-10 (Fig. 3) reveal
that the molecules are clearly homologous with the most striking similarity in
the amino terminal region. In order to align the three structures a shift of two
residues and one gap have been introduced in Er-2. They all share aspartic
acid as a commom amino terminal residue and the Cys-Glu-Gln-X-X-X-X-
Cys motif. This homologous structure is suggestive of a common function,
such the site of contact of the homodimers. On the other hand, the lack of
similarity present in the carboxyl terminal region of these molecules may
reflect a unique function such as a a receptor binding site. An analysis of the
secondary structure using the PEPPLOT programm (16) revealed a
probable helical segment in the amino terminal region of all the three
sequences and a potential reverse turn region in the carboxyl terminal end
making it a candidate for a surface exposed region (Fig. 4a-c). Even if this
analysis is probably of limited importance for such small molecules
containing three intrachain disulfide bonds, it emphasizes the similarity in
the three dimensional structure to be expected for Er-1, Er-2, and Er-10
despite the low level of identity. Such an expectation is supported by the
conservative position of the six half-cystines in all the three sequences.
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Chapter 10

Micropellicular Sorbents for Rapid
Reversed-Phase Chromatography
of Proteins and Peptides

Krishna Kalghatgi and Csaba Horvdth

Department of Chemical Engineering, Yale University, New
Haven, CT 06520

The use of micropellicular stationary phases consisting of non-
porous silica microspheres with a thin alkyl-siloxane retentive layer is
described for rapid HPLC analysis of proteins by reversed phase
chromatography. The applications include peptide mapping, analysis
of protein mixtures, assay of protein purity and the potential of short
columns packed with such sorbents for process monitoring in
biotechnology by reversed phase HPLC is demonstrated. The
advantages of micropellicular stationary phases over conventional
sorbents for rapid HPLC analysis of proteins stems from the lack of
internal porosity which allows for relatively high column efficiency
at high flow velocities, fast column regeneration, improved column
stability at high temperatures and good sample recovery.
Nevertheless, further advances in instrument design are required to
exploit the full potential of columns packed with micropellicular
sorbents in the HPLC of proteins by gradient elution at elevated
temperature.

Chromatography has traditionally been the prime separation method in biochemistry and
the introduction of rapid and more efficient HPLC techniques is expected to expand its
scope to process monitoring and quality control in biotechnology. Recently, reversed
phase chromatography (RPC) has become a powerful analytical technique for biological
macromolecules, particularly for peptides and proteins (1). The availability of efficient
columns and precision HPLC instrumentation has greatly contributed to unfold the
potential of RPC for analysis of biopolymers. By virtue of its versatility, RPC has been
used successfully in numerous biotechnological applications including separation and
purification of peptides, determination of protein structure (1-3), measurement of purity
in quality control (4-6) and process monitoring (7,8). Advances in recombinant DNA
and hybridoma technologies over the past decade have led to the introduction of several
proteinaceous drugs by the pharmaceutical industry (9). Isolation and purification of
therapeutic proteins is demanding because of their complex structure and the processes
involved in their production. The need to obtain them in very high levels of purity
necessary for human use requires the removal of closely related variants and calls for
efficient and high resolution techniques.

Due to recent advances in column technology, novel stationary phases have
become available for such applications. This communication deals with the use of
micropellicular sorbents which consist of a fluid-impervious microspherical support with
a thin retentive layer at the surface. For biopolymer analysis by HPLC, such stationary

0097—6156/90/0434—0162306.00/0
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phases offer certain advantages over the conventional porous sorbents in terms of speed
of analysis, efficiency and sample recovery. The salient features of this approach and
some of the problems associated with high speed HPLC are discussed and demonstrated
by experiments in the analysis of proteins by reversed phase HPLC.

CHROMATOGRAPHIC SYSTEM

REVERSED PHASE CHROMATOGRAPHY. Although governed by the same
chromatographic principles, RPC of proteins differs significantly from that of small
molecules because of the large size and complex tertiary structure of protein molecules
(10). High molecular weight is associated with low diffusivity; hence, separation of
biological macromolecules under isocratic elution conditions would require very much
longer time than that of small molecules. The protein molecules undergo conformational
changes and/or denaturation in the mobile phase and upon contact with the non-polar
chromatographic surface (11). The dynamics of the separation process may be further
complicated by slow kinetics due to multipoint attachment (12), precipitation and
redissolution may occur in the chromatography of proteins and other biological
macromolecules (13). For proteins, RPC represents a technique distinct from the other
chromatographic methods such as size exclusion, ion-exchange or hydrophobic
interaction chromatography. Due to contact with strongly acidic hydroorganic mobile
phases and the strongly hydrophobic chromatographic surface, the protein molecules do
not traverse the column in their native form. As a result, RPC of proteins exhibits unique
selectivities and relatively high efficiency of separation.

STATIONARY PHASE. In the current practice of biopolymer RPC, stationary phases
prepared from rigid, macroporous, microparticulate supports with covalently bonded n-
alkyl ligates with 4 to 18 carbons are employed. Silica has been the most popular support
because of its availability in narrow particle and pore sizes, high mechanical stability, and
reactive surface for chemical modifications (14). It is not stable at alkaline pH and the
residual silanols at the surface usually have an undesirable effect on chromatography of
substances with basic functional groups due to silanophilic interactions (15). Supports
such as those prepared from styrene-divinylbenzene copolymers which are stable in a
wide pH range, have found increasing employment in the chromatography of biological
macromolecules. Since the native poymeric material is hydrophobic, it can be used
without chemical modification, and columns packed with such sorbents are generally
stable and can be cleaned with alkaline solutions. However, some polymeric supports
swell upon contact with organic solvents resulting in poor permeability of the columns
gnfd the separation efficiency for small molecules and hence, such supports are usually
inferior.

PARTICI E DIAMETER AND PORE SIZE. The columns for separation of large

biological molecules are packed with 5-10 um stationary phase particles having pore sizes
in the range of 25-100 nm. The microarchitecture of macroreticular stationary phases can
have significant influence on the efficiency of separation particularly for large molecules.
Mesoporous supports facilitate access for the large eluite molecules to the
chromatographic surface, but at present further increase in the pore size above 10004 is
accompanied by a deterioration of the mechanical properties of the supports.
Furthermore, poresize distribution of many column packings is rather wide and poor
recovery is frequently encountered due to entrapment of large molecules in the porous
interior.

COLUMN SIZE. Analytical reversed phase columns for proteins and peptides range
from 50 to 250 mm in length having 4 to 5Smm i.d. Columns with 2mm i.d. have also
been employed for peptide separations in microsequencing applications. The use of
microbore columns with less than 2 mm i.d. is severely hampered by instrumental
constraints due to small extra-column dead volumes and difficulties in obtaining accurate

flow rates in the range of 10 to 100 pl/min by gradient elution.
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MOBILE PHASE. In most cases, RPC of proteins is carried out with acidic
hydroorganic eluents containing trifluoroacetic acid (TFA). The low pH improves
efficiency by suppressing the ionization of carboxyl groups on the protein molecule as
well as residual silanols on the surface. TFA is a good solubilizing agent for proteins,
forms ion-pairs and is volatile. Other additives such as phosphoric, formic and
perchloric acid have also been used but found limited applications in cases where they
offer improved selectivity. Among the organic modifiers, acetonitrile is used most
commonly because of its low viscosity and optical transparency. Propanol which has
greater elution strength and less denaturing effect, is also employed frequently as the
organic modifier.

GRADIENT ELUTION. The separation of proteins in RPC is carried out by gradient
elution and the chromatographic results are influenced by the gradient conditions and
flow rate. According to Snyder (13), a measure of retention in gradient elution is given
by the equation,

- F g
k = 09

115 V, S (AD)

where k is the retention factor of the eluite at the column midpoint, F is the flow rate, AF is
the change in the volume fraction of organic solvent in the mobile phase during gradient
elution, Vp is the column void volume, tg is the gradient time and S is given by the slope
of the linear plots of the logarithmic retention factor against F. In comparison to small
molecules, proteins have larger contact area with the chromatographic surface and as a
result, the retention factor is very sensitive to the concentration of the organic modifier i.e.,
the value of S values is relatively large.

EFFECT OF TEMPERATURE. Temperature can have profound effect on the retention
of proteins in RPC. Generally, retention decreases with increasing temperature with
concomitant increase in column efficiency due to increased solute diffusivity. However,
retention of proteins may increase under certain conditions when increase in temperature
promotes further unfolding of the protein.

MICROPEILICUL AR STATIONARY PHASES

Before the advent of HPLC, the chromatography of biopolymers was carried out almost
exclusively with stationary phases prepared from relatively large polysaccharide based
particles such as cellulose, cross-linked dextran or agarose. These stationary phases have
played an enormously important role in column chromatography of biopolymers despite
their limitations due to poor mechanical properties. Early attempts to improve the
mechanical and mass transfer properties e.g. by coating celite with an ion-exchange resin
layer (16,17), were met with only limited success. At the dawn of HPLC, narrow bore

columns packed with pellicular stationary phases made from 40um glass beads with a
thin retentive layer on the surface were introduced (18). Due to the high mechanical
strength, and relatively high efficiency of pellicular sorbents, such columns could be
operated at high column inlet pressures and at relatively high flow rates without
significant loss in separation efficiency. This approach was superseded by subsequent

introduction of 10 pm totally porous bonded phases which had much higher efficiency

and sample loading capacity, so that the further development of HPLC of small molecules
proceeded by using porous microparticulate column packings.
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With the recent growth of biopolymer HPLC, there has been a renewed interest in
pellicular stationary phases for analytical applications. Unger and co-workers (19)
described column packings made of 1.5 um, non-porous, monodisperse silica
microspheres with an alkyl siloxane layer at the surface for biopolymer separation . This
was followed by the introduction of other micropellicular stationary phases based on
siliceous or polymeric supports for HPLC of large biomolecules (Table I).

Table I. Micropellicular Stationary Phases for HPLC Analysis of Biopolymers

Support Chromatographic Ref.
Particle diameter  Type application

(1m)

1.5 Silica RPC (19)
EIC 20)
HIC Q1

2 Silica RPC (12)
BIC (13)
EIC (24)
HIC (24)
MIC (24)

2.5 Polymeric RPC (26)
EIC (26)

3 Polymeric RPC (0X))]
EIC (28)

4 Polymeric RPC (29)

7 Polymeric EIC 30)

The acronyms are: RPC, reversed phase chromatography; EIC, ion-exchange
chromatography; HIC, hydrophobic interaction chromatography; BIC, biospecific
interaction (affinity) chromatography.

A major advantage of micropellicular sorbents stems from the rapid mass transfer for
eluite exchange between the stationary and mobile phases in the column. As suggested
by Figure 1, the interaction of eluites with the stationary phase ligates is highly facilitated
by their confinement to a thin layer at the surface, which permits complete exposure to the
mobile phase stream in the interstitial space of the column packing. In other words, the
diffusional path length is very short or virtually absent in the retentive surface layer of
micropellicular sorbents so that the plate height contribution of the C-term in the van
Deemter equation (31), is relatively small. As aresult, the fast mass transfer in the
stationary phase and in the mobile phase due to the small particle size, makes it possible
to obtain high column efficiency even at relatively high flow velocities.
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However, columns packed with 1-2 um particles, have certain disadvantages.
Due to small particle size, the columns packed with micropellicular stationary phases have
low permeability (27) and therefore, can not be operated at very high flow rates due to
pressure limitations of commercial HPLC instruments. In comparison to porous
particles, the surface area of stationary phases per unit column volume is low, and hence,
their loading capacity is correspondingly smaller. This is particularly evident in the
isocratic analysis of small molecules where the column can be easily overloaded.
Therefore, micropellicular sorbents do not appear to offer advantages in the HPLC of
small molecules.

On the other hand, the lack of internal pore structure with micropellicular sorbents
is of distinct advantage in the analytical HPLC of biological macromolecules because
undesirable steric effects can significantly reduce the efficiency of columns packed with
porous sorbents and also result in poor recovery. Furthermore, the micropellicular
stationary phases which have a solid, fluid-impervious core, are generally more stable at
elevated temperature than conventional porous supports. At elevated column temperature
the viscosity of the mobile phase decreases with concomitant increase in solute diffusivity
and improvement of sorption kinetics. From these considerations, it follows that
columns packed with micropellicular stationary phases offer the possibility of significant
improvements in the speed and column efficiency in the analysis of proteins, peptides and
other biopolymers over those obtained with conventional porous stationary phases. In
this paper, we describe selected examples for the use of micropellicular reversed phase

sorbents prepared from 2-pm silica microspheres in rapid HPLC analysis of proteins and
peptides and discuss some of the peculiarities associated with this approach.

EXPERIMENTAL

MATERIALS. Ribonuclease A (RNase A) (bovine pancreas), cytochrome C (Cyt. C)
(horse heart), lysozyme (chicken egg white), myoglobin (sperm whale), B-lactoglobulin A

(B-Lact. A) (bovine milk), carbonic anhydrase (bovine erythrocytes) and trifluoroacetic
acid (TFA) were purchased from Sigma (St. Louis, MO, USA). L-Asparaginase was from
Merck, Sharp & Dohme (West Point, PA, USA). N-tosyl-L-phenylalanine chloromethyl-
ketone (TPCK)-treated trypsin was obtained from Worthington (Freehold, NJ, USA).
Human growth hormone was a gift from Genentech (South San Francisco, CA, USA),
Allergen Type SQ 555 Katze was from Ephipharm (Linz, Austria). HPLC-grade
acetonitrile (ACN), reagent-grade ortho-phosphoric acid, and buffer salts were from J.T.
Baker (Phillipsburgh, NJ, USA). Eluents were prepared with deionized water, prepared

with a NanoPure system (Barnstead, Boston, MA,USA), filtered through a 0.45-pum filter
and degassed by sparging with helium before use.

COLUMNS. Hy-Tach C-18 micropellicular reversed phase columns (30x4.6mm,
105x4.6 mm), were obtained from Glycotech (Hamden, CT, USA). Experiments were
also carried out by using 150x4.6 mm, or 30x4.6mm columns packed with 5-pum, Vydac

ICJ-S4 AS;Iica based totally porous reversed phase material (Separations Group, Hesperia, CA,

INSTRUMENTATION. A Model 1090 Series M liquid chromatograph (Hewlett Packard,
Avondale, PA, USA), equipped with a ternary DRS5 solvent delivery system, diode-array
detector, ColorPro graphic plotter, and autosampler, was used. The chromatographic
system and data evaluation were controlled by Series 79994A Chem Station computer.
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APPR FAST

Most commercially available HPLC analyzers have been designed to provide precise and
accurate analytical information on the composition of samples containing small molecules
by using conventional columns. The time scale of the separation by isocratic or gradient
elution under these conditions corresponds to standards established about a decade ago.
For this reason, the performance of these instruments is less satisfactory in applications
with high speed columns which allow the analysis of biopolymers to be carried out on a
time scale of a minute or less. In order to expand the scope of HPLC to such
applications, some of the considerations described below should be taken in to account in
the design of fast HPLC analyzers for biological macromolecules.

GENERATION OF ELUENT GRADIENT . In most instances, proteins have to be

analyzed by gradient elution and high speed analysis with short column requires steep
gradients. In other words, it is necessary to generate rapid and reproducible gradients on
a time scale commensurate with the time of analysis. High performance mixing devices
with low internal volume are preferred but it should be kept in mind that their
performance may depend on other factors such as precision of eluent delivery by the
pumps. In current HPLC instruments, gradients are formed either at low pressure using
a single pump and electronically controlled solenoid valves, or at high pressure with two
pumps by using appropriate static or dynamic mixers. Generally, mixing devices have
larger internal volume than static mixers and therefore, their use is associated with greater
'gradient dead volume", i.e. the volume of the liquid between the point of mixing and the
column entrance. The use systems with low dead volume results in short dwell time
which is essential for rapid gradient formation i.e. fast analysis and column
reequilibration.

TEMPERATURE CONTRQL. Since it is widely believed that adequate and reproducible
results are obtained when HPLC analysis is carried out at room temperature (36), many
liquid chromatographs manufactured until recently do not have the capability to control the
temperature of the column and of the eluent entering the column. If temperature control is
needed, it is accomplished by the use of an oven for maintaining the column at elevated
temperature or by the use of column jackets with a circulating liquid. Control of the
column temperature alone is not adequate for rapid analysis by gradient elution at elevated
temperature since temperature variations can occur due to heat effects associated with the
mixing of eluent components (e.g. endothermic for ACN/water; exothermic for
methanol/water), and poor heat transfer. However, in chromatography with rapid gradient
elution at elevated temperature, the major problem is to heat the eluents from ambient to the
temperature of the column so that no radial temperature gradients are set up inside the
column. Further, it is required that all components of the system downstream from the
point of mixing, such as sampling valve, guard column, eluent filter etc. are maintained at
the same temperature as the column.

Although, the detectors and data handling equipment in most modern HPLC
instruments are satisfactory for conventional HPLC work, for fast analysis their time
constants should not exceed 100 ms. UV detectors should be designed such that changes
in refractive index of the effluent do not cause excessive baseline drift when steep gradient
are used. Flow cells which can withstand 1000 psi or more of back pressure are preferred
with a restriction at the outlet to prevent bubble formation when the analysis is carried out at
elevated temperature. The above guidelines have been followed in the construction of the
instrument from components described in the experimental section and illustrated in Figure
2. The gradient delay volume of the instrument was approximately 0.6 ml, which was
adequate at the flow rate used in the various applications presented here. The dead volume
is still too large for use of narrow bore columns having inner diameter 1 mm or less.
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Fluid-impervious
core

A thin layer of
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phase

Figure 1. Schematic representation of the micropellicular stationary phase.

Figure 2. Flow Sheet of the HPLC Unit for Rapid Protein Analysis. A binary gradient
system with gradient controller, Model 21500 pumps,Model 2152 controller, Pharmacia,
Piscataway, NJ, U.S.A. (A), Variable wavelength UV-Visible detector, Model LC 95,
Perkin Elmer, Norwalk, CT, U.S.A (B), Constant temperature circulating bath, Model
DL-8 Haake Buchler, Saddlebrook, NJ, USA (C), Heat exchangers (D), Sampling valve,
Model 7125 injector, Rheodyne, Cotati, CA, U.S.A (E), Gradient mixer (10l internal
volume), Lee Company, Westport, CT, U.S.A. (F), Pulse dampner (G), Column (H),

f}losw-cell restrictor (I), C- R3A Chromatopak integrator, Shimadzu, Columbia, MD,
S.AD.
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The chromatograms presented in Figures 4 and 8-12 were obtained by using the
HPLC unit depicted in Figure 2 Results shown in the other figures were from experiments
carried out with Hewlett Packard Model 1090 liquid chromatograph.

RE TS AND DI I
RAPID ANALYSIS OF PEPTIDES AND PROTEINS. Columns packed with

micropellicular stationary phases can be utilized in many areas of protein chemistry and
biotechnology where high analytical speed and resolution are required. Peptide mapping
by HPLC is routinely employed for the determination of structure of proteins (2, 3, 32).
In the manufacture of proteinaceous pharmaceuticals, peptide mapping by RPC is a
widely employed tool for measurement of protein purity and also as a method of quality
control. Such industrial applications usually involve large number of samples and their
handling by conventional HPLC methods requires considerable time. A significant
reduction in the time of analysis can be achieved by using columns packed with
micropellicular sorbents which facilitate peptide mapping in relatively short time as
shown by the chromatograms of tryptic digests of carbonic anhydrase, L-asparaginase,
and myoglobin, in Figure 3. In each case, the chromatographic runs including column
regeneration were completed in about half an hour, which is considerably faster than the
the time required by using columns packed with porous stationary phases.

ASSAY OF PURITY. Despite relatively low sample loading capacity, short columns
packed with micropellicular reversed phase sorbents can be used for the rapid
measurement of trace impurities in protein samples. When sufficiently large sample loads
and gradient elution are used, the minor components are separated and detected with
adequate sensitivity. This is illustrated by the chromatograms of three proteins in Figure
4 and the chromatographic runs were completed in a few minutes. From the
measurement of the peak area, in the cases illustrated the purity of carbonic anhydrase,
L-asparaginase, and myoglobin was found to be 90.0, 87.6 and 78.3%, respectively.

COLUMN STABILITY. The absence of a porous support structure results in enhanced
column stability at elevated temperature and pH even with micropellicular sorbents
prepared from siliceous supports (14). This is illustrated by the chromatogram in

Figure 5 which shows the separation of minor conformers of human growth hormone by
using a moderately alkaline mobile phase (pH 8.5). Prior to obtaining the above
chromatogram, the column was perfused with 4000 column volumes of the mobile phase
at 80°C, yet no noticeable changes in retention behavior, separation efficiency and
sample recovery had been observed with respect to initial column performance.

PROCESS MONITORING. Rapid analytical HPLC appears to have a great potential in
the monitoring of bioprocesses in which the protein or peptide composition in the process
stream or reaction mixture undergoes changes. Examples are: monitoring the column
effluents in preparative chromatography of proteins or peptides, secretion of proteins in
cell culture/fermentation processes, or time course of reactions in which a certain protein
is modified by enzymatic or chemical methods. In the case described here, we have
monitored changes during oxidation of RNase A by performic acid, a powerful oxidizing
agent widely used for quantitative analysis of cysteine and methionine residues in
proteins. However, the oxidation of proteins by performic acid is not very selective and
in addition to the sulfur containing amino acids, tryptophan, tyrosine, serine and
threonine are also attacked. Although the RNase A molecule lacks tryptophan, it contains
arelatively large number of other residues which are susceptible to degradation by
performic acid and yields a complex mixture of oxidized derivatives. The reaction was

carried out in a solution containing RNase A, (100 ul), performic acid (100 ul), formic
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Figure 3. Tryptic maps of carbonic anhydrase (A), L-asparaginase (B) and
myoglobin (C). Column: Hy-Tach micropellicular C-18 silica, 105x4.6mm; eluent
A, 20 mM phosphoric acid adjusted to pH 2.8 with NaOH, eluent B, 60% (v/v)
ACN, 20 mM phosphoric acid, pH 2.8; flow rate, 1.0 ml/min.; temp., S0°C.
Initial column inlet pressure, 278 bars. Protein samples were carboxymethylated
and subsequently digested with trypsin following the procedure of Stone ez. al.

(37). Sample, 20 pg of trypsin digest in 10 ul. Elution conditions were, 0 to
50%B (A and C) and 0 to 70%B (B) in 25 min.
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Figure 4. Determination of protein purity. Column: Hy-Tach micropellicular C-18
silica, 30x4.6mm; eluent A, 0.1% (v/v) TFA in water, eluent B, 95% (v/v) ACN in

water containing 0.1% (v/v) TFA ; flow rate, 2.0 ml/min.; temp., 25°C.; Initial

column inlet pressure, 270 bars. Sample, 20 p1 containing 40 pg of carbonic
anhydrase (A), L-asparaginase (B) and myoglobin (C). Elution conditions were,
15 to 55% B in 3 min. (A), 30 to 40% B in 4 min. (B), and 23t0 45% B in 6

min.(C).
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Figure 5. Reversed phase chromatography at alkaline pH. Column: Hy-Tach
micropellicular C-18 silica, 30x4.6mm; eluent A, 50 mM ammonium bicarbonate in
water, pH 8.2, eluent B, 60% (v/v) ACN in water containing 50 mM ammonium
bicarbonate; flow rate, 2.5 ml/min.; temp., 80°C. Initial column inlet pressure,
237 bars. Sample, 25 pg of human growth hormone was preheated at 80°C for 30
min. Gradient was 65 to 80% B in 3 min.
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acid (50 pl), and methanol (10 pl) at 50C following to the procedure of Hirs (33).
Aliquots of the reaction mixture were removed at various time intervals, mixed with equal

volume of cold water and 20l samples were then analyzed by HPLC under conditions
described in Figure 6. As seen in the chromatogram, the native enzyme elutes as a single
peak at 2.6 min. The chromatogram of the reaction mixture shows that oxidation of
methionine and/or cysteine residues begins almost instantaneously upon addition of
formic acid and the product which appears after one minute of reaction time has a shorter
retention (2.4 min) than the intact RNase A. (Figure 6B). This peak is believed to
represent the primary reaction product(s) containing methionine sufoxide and/or cysteic
acid residues. As the reaction progresses further, the concentration of the native enzyme
decreases with concomitant increase in the number of oxidation products. Itis seen in
Figure 6 that all the components of the reaction mixture were eluted between 2 and 3
minutes. No attempts were made to characterize various forms of the oxidized enzyme
and the results are presented here only to exemplify the potential of rapid HPLC in such
applications.

ALLERGENS. Allergens are antigenic substances derived from diverse sources such as
pollens, mites, fungi, insects, food, drugs etc. and induce an immediate hypersensitivity
upon contact in sensitive individuals (34,35). Most allergens are considered to be
proteins, glycoproteins or pure polysaccharides in a size range of 5,000 to 70, 000
daltons. Crude extracts of allergens are employed for testing the sensitivity of allergic
patients and for hypersensitization. Current work in our laboratory is directed to the
development of chromatographic methods for purification and characterization of such
compounds. Such methods are needed for the formulation and standardization of
allergen extracts and for the isolation of pure allergenic substances to be used in the study
of structure/activity relationships. A chromatogram illustrating the separation of various
components in a commercial sample of cat allergens is shown in Figure 7. The
separation was completed in less than 15 minutes with satisfactory resolution. Further
isolation and characterization of biologically active components present in such samples is

in progress.

EAST PROTEIN ANALYSIS. Previous work from our laboratory (22-24, 27, 28) has
shown that significant reduction in the separation time for separation of proteins and
peptides can be achieved by using short columns packed with non-polar micropellicular
sorbents at high flow rates and at elevated temperature. The actual time for biopolymer
analysis, however, is the sum of the times required for the separation and for
regeneration of the column after completion of the gradient run. Therefore, for rapid
analysis, it is necessary to reduce the time required for column reequilibration. An
example of rapid protein analysis is shown in Figure 8. The analysis was carried out by
using the HPLC unit depicted in Figure 2, at high flow rate and with a steep gradient of
ACN at 80°C. The gradient profile i.e. concentration of ACN as a function of time
during the chromatographic run, was determined by a tracer technique described
previously (23). As seen in Figure 8, the analysis time for separation of proteins was
about 36 sec. and the post gradient column equilibration took about 12 sec , so that the
time required for complete analytical cycle was 48 seconds. Since the total analysis time
is proportional to the system delay time, it can be further reduced by decreasing the
system delay volume. The sample was injected manually at one minute intervals during
which both separation and column regeneration were completed as illustrated in Figure 9.
The reproducibility of results by observation of the chromatograms does not appear to be
high due to manual injection; yet, the results of 13 consecutive injections of the sample
are summarized in Table II, are satisfactory.
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Figure 7. Protein profiling of an allergen extract. Column: Hy-Tach
micropellicular C-18 silica, 105x4.6mm; eluent A, 20 mM phosphoric acid adjusted
to pH 2.8 with NaOH, eluent B, 60% (v/v) ACN, 20 mM phosphoric acid, pH 2.8;

flow rate, 0.4 ml/min.; temp., 259C, sample, 25 pl of allergen #SQ 555 Katze.
Gradient was 0 to 20% B in 15 min.
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Figure 8. Fast analysis of proteins. Column: Hy-Tach micropellicular C-18 silica,
30x4.6mm; eluent A, 0.1% (v/v) TFA in water, eluent B, 95% (v/v) ACN in water
containing 0.1% (v/v) TFA ; flow rate, 4.0 ml/min.; temp., 80°C.; Initial column
inlet pressure, 260 bars; sample, 15 ! of a mixture containing =1 pg each of
ribonuclease A (1), cytochrome C (2), lysozyme (3) and B-lactoglobulin A (4).
Elution was carried out with a gradient 20 to 50% B in 0.5 min and return to
starting conditions in 0.1 min. The dotted line represents gradient profile of ACN.
The analysis was carried out with the house built protein analyzer described under
Figure 7.
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Table II. Repetitive Analytical Cycles for Fast Protein HPLC

Protein tr S.D. RSD. Peak Height S.D. RSD
(sec) (%) (TA))] (%)
RNase A 16.8  1.0x10-2 3.6 10938 630 5.7
Cyt. C 222 6.0x10-3 1.6 10396 750 72
Lysozyme  25.2  5.6x10°3 1.3 15275 1059 69
B-Lact.t A 348  44x103 07 9446 496 52

The excellent reproducibility of the retention times of the late eluting sample components
suggest that the performance of the system in rapid analysis is acceptable. Yet, the
overall results are believed to be less reproducible than those could be obtained with such
columns with an appropriately designed equipment and automated sample injector, which
had yielded higher reproducibility of peak height, an essential criterion in quantitative
analysis.

MICROPELLICULAR AND POROUS STATIONARY PHASES. In order to compare
the features of micropellicular and porous stationary phases in rapid protein HPLC,
experiments were conducted with two columns of similar size, each one of which was
packed with different stationary phase and operated under comparable conditions. In this
experiment the results of which are shown in Figure 10, the operational conditions were
optimized for the micropellicular stationary phase (conditions A) and used subsequently
for separation of the same mixture with the porous stationary phase under identical
conditions. Thereafter, the elution conditions were optimized for the column packed with
the porous stationary phase (condition B) and the experiment was repeated with the
column packed with micropellicular stationary phase. The chromatograms are depicted in
Figures 10 and 11 and the results of the two approaches are summarized in Table III.
The performance of micropellicular stationary phase in either case is superior when
compared by the peak width of sample components or the resolution of the critical eluite
pair (Cyt.C/ Lys) in the sample.

As mentioned before, the columns packed with micropellicular stationary phases
have negligible intraparticulate void volume and after the gradient run, can be
reequilibrated to starting conditions much faster than columns of comparable size packed
with porous supports. Since the chromatographic retention of proteins and other large
molecules is highly sensitive to small changes in the concentration of gradient former
(13), the retention time of an early eluting component can be used to monitor the
equilibration of the column. This approach was examined by measurement of retention
time after injection of RNase A at various time intervals during reequilibration of the
column after a gradient run. The extent of column reequilibration was evaluated by the
regeneration factor defined as

Regeneration Factor = (tr-to) / (tr*-to) )
where tg is column void volume, tr & tr*, are the retention times of RNase measured

during and after complete equilibration of the column, respectively. Plots of column
regeneration factor as a function of column regenerant volume after adjustment for the
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Figure 9. Rapid repetitive analysis of proteins. Experimental conditions were same

as described under Figure 8 except that sample injections were made manually at 60
second intervals.
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Figure 10. Comparison of micropellicular and porous stationary phases for rapid
separation of proteins. Columns: Micropellicular, Hy-Tach C-18 silica,
30x4.6mm, (A) and porous, Vydac, 5 m C-4 silica,30x4.6mm, (B). Initial
column inlet pressure for the porous column was 105 bars. Experimental
conditions were same as described under Figure 8
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Figure 11. Comparison of micropellicular and porous stationary phases for rapid
separation of proteins. Experimental conditions were same as described under
Figure 9 except that the flow rate was 2 ml/min. and the gradient conditions were,
20 to 50% B in 1.5 min., 50 to 60% B in 2 min. Initial column inlet pressure was
132 and 55 bars, for micropellicular and porous columns, respectively.
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Figure 12. _Reequilibration of columns with micropellicular or porous stationary
phases during gradient elution. Columns: Micropellicular, Hy-Tach C-18 silica,
135x4.6mm; porous, Vydac, C-4 silica, 135x4.6mm ; flow rate, 1.0 ml/min.;
temp., 800C. Eluents were same as described in Figure 10. The columns were first
equilibrated with 90% B and reequilibration was begun by a sudden drop in the
concentration of B eluent to 22% in 0.1 min. Retention time of ribonuclease A was
measured by gradient elution (22 to 90% B in 5 min) during column regeneration.
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system dead volume, are shown in Figure 12. Clearly, the column packed with the
porous stationary phase required almost twice the amount of regenerant to return to the
column starting conditions than the column packed with the micropellicular phase
sorbent.
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Chapter 11

Displacement Chromatographic Separations
on [-Cyclodextrin—Silica Columns

Gyula Vigh, Gilberto Quintero, and Gyula Farkas

Chemistry Department, Texas A&M University, College Station, TX 77843

The feasibility of the displacement chromatographic
separation of positional isamers, cis/trans isomers amd
enantiomers is demonstrated here. In this preparative
separatlon method the unique selectivities of the
lytically stable cyclodextrin-silica stationary
and the self-focusing operation mode of
Sevtlop B Qispaomm o STahie scpatation, the
eV a displacemen c separation,
reterrg?on behavicur of the selected solutes amd
prospective lacers has to be studied in the elution
mode, followed the determination of their adsorption
isctherms and the realization of the actual displacement

chramatographic tions. Successful separations have
been aduev%lon pha- and beta-cyclodextrin-silica
colums, in both reversed- normal-phase modes.
Success of the displacement chrama c separat.ions
critically d on the availabili roprlate
dliglacers the knowledge of thelr adso

. It is expected lacement

chramatographic separations on cyc odextrin-silicas will
became indispensable laboratory (and hopefully
industrial) separation methods of ‘modern pharmaoeutlcai
and biomedical research.

ies, pharmacological actions, plasma-disposition kinetics,

lic fates and me lic rates of drug enantiomers are often

very different. For example, in the US, one of the most frequently
prescribed beta-andrenergic blocking aqents is ranolol. (+)-
D-Propranclol is hundred-times as potent as the er enantiomer
and its half-life in human Ylasma is much longer (1-3). Similar
differences exist in the biological activities of the enanticmers
of other cardiac beta-blockers as well (e.g. acebutolol ard
diacetolol) (4). The (S)- ( )—enanticmer of arin, an effective
anti ant, is three-times as active as the (R)-(+)-isamer, but

0097—6156/90/0434—0181$06.00/0
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182 ANALYTICAL BIOTECHNOLOGY

its half-life in plasma is much shorter (5). The two e.nantlaners
have entirely different metabolic pathways and i
l-Fenfluramine is an extremely potent anorectic agent e
d-fenfluramine has no anorectic activity at all (7). The list of
exanmples could go on (8).

Often, the resolution of the enantiamers represents the most
difficult ‘and costly step in the roduction of a new
pharmaceutical. Since,” on the average, y one molecule out of
everytent‘rmsandstestedbecmmausefulphamaoeutlcal, it is
imperative that efficient, readily applicable separation methods be
available as alternatives to the enantlospeuflc synthetic efforts
to produce sufficient quantities of rospectlve dru?
enantiomers m the earliest staqes of drug develq:me.n. Chira
separations by mﬁh be realized via diasterecmer
fonnatlgnté tthe use of mobile-phase additives, or uﬂ: tisi tgf-
chiral ionary phases (9). For ryi)a.ratlve purposes a
stataremgﬁgx;ctlcall (ddmgtligmm ail?deth Pirkl typtla

ionary iqui inc e Pirkle-
phases (10), the cyclodextrin-silicas (11,12), and the derivatized
cellulose-based stationary phases (13). Often the chiral solute
has to be derivatized for Pirkle-— sepaxatlors a disadvantage
in preparative chramatography. Cellulose-based statlonary phases are
fve%uently hindered by = solvent ccxtpatl_blllty constraints.
Cyclodextrin silicas, on the other hand, not ire
derivatization of the solutes and are less const.ramed by ile
phase limitations. Therefore, cyclodextrm-based statlonaxy phases
are invaluable when the purpose of the separation is to’ produce
pure enantiamers for drug developmental research and testing.

Cyclodextrin-Silica Stationary Phases. Since excellent reviews
deal with the preparation, s&xopertls, and analytical applications

of cyclodextrm—snlca tlona%mgxases 1 12,14-16), the

follow1ng paragzams wil toplcs Ve i:rlefly only
thi t the mfomatlon will ery the rest of
s

chapter
Cyclodextrins are toroidally shaped molecules that contain
6,7 or 8 glucose units (alpha-, beta- and gamma—cyclodextrins).
’mey have a hydrophobic interior’ cavity amd a h ilic exterior
to the presence of 2-and 3-h groups at the larger 11p
and 1-hydroxy gm?s at the smaller lip of the cavity (11,12
Cyclodextrins can form 1:1 and 1:2 guest-host complexes (17) wi
molecules which trate their cavities. Camplex stability depends
on the " 'ofthefltardthestrengthofthemtenwleaxlar
1ntexact10ns between guest and host molecules (18). The h
J can be derivatized to yield cyclodextrins with di ferent
cavi sues and nodll fied mtemnlod lecular st;gteractlgsa.s% had high
polymeric cyclodextrin ionary
loading capacne.,les but lacked chramatographic efficiency (19). They
were soon followed by silica~-based HPI.gEg}rade materials: the
c1ty, txgrolysm ible amino-bonded cyclod ins
(20 21 stable, higher capaci alkylbonded
odext'_rm—snlcas of Arnstrong (22-24). The lat phases are
now camercially available from ASTEC (whippany, N.J.) under the
trade-name Cyclabond (25).
The chruna C separation of p051t10nal isomers (26-31),
geametrical isamers (27,32-36) and enanticmers (37-49) has been
%duezed by (ﬁlut‘ll:lll?l;lm e concerted action of mcl};x:rﬁanf lex
ormation, a 10] T and = ormation
i il SR, Toan Ha ol - the
gelodextnrs (11,12,14-23,50) . There is an abundant literature on
the ical appllgatlons of cyclodextrin-silicas (13-50), but
on ir preparative chramatographic use.
clodextrin-silicas have ~ three major el&éabllltles in
reparative chramatographic tions in the ion i
ghe chiral selectivity g%torssegaarx:ea generally low, (ii) the loadJ(.ng
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..cit_:gofthephaseismx:hsmllerﬂmanﬂxatoftheother
ilica

- stati phases and (iii) nonselective solute
retention is often . 'Therefore, the usual ? tive
separation strategy, which requires large selectivity factors and

the use of gradient elution, cannot be “applied. However, same of
these problems can be mitigated, as first introduced by Vigh et al.
15221;69 , when cyclodextrin silicas are used in the displacement

Displacement Chromatography. displacement chramatography has
been known for many years (51), it was revived only recently, when
Horvath et al. demonstrated that efficient separations could be
achieved using microparticulate stationary phases and modern HPIC
equipment (52-58). Since then, there has been an ever 1ncreasing
interest in its utilization and several research groups pursue its
theoretical and practical aspects (59-66). . .

i There are three main operation steps involved in a
displacement chromatographic separation. First, the column 1is
equilibrated with the carrier solution. The carrier solution has
a low affinity for the column and serves as a solvent for both the
sample and the displacer. The camposition of the carrier solution
is such, that the solutes, introduced in the next step, become
strongly retained at the of the column, and are not eluted
(preferably) at all. Sample application is followed by the
introduction of the displacer, ly dissolved in the carrier
solvent. The displacer has strongest affinity for the
statlonax_:'{sphase. As the displacer is continuously féd into the
column, i fxpntbe_ginstonwedownthecolmmws{ipgthesanple

' which, in turn, push each other according to their
adsorption strength. Presuming that the sample nents are
adsorbed differently and the separation efficlency of the colum
is sufficiently large, the solutes will eventually occupy adjacent
zones which move wl the same velocity in the fully developed
dlspégcemf\eﬁtlﬂ‘i train. The ilibrium oonceg::ﬂration %fle each carponent
in the y developed in deperds y on ir respective
adsorption isotherms and the concentration of the displacer. The

exit concentration of the solutes can be much higher what is
customary in the elution mode, a definite advantage in preparative
separations.

the Whi}l:e' hasters : displ cemennghg%g 2 seleczté(i)oxésc))f
operation parame in a t‘;izam -66) ,
little is known yet about the rules of displacer ectiyon and the
means available control the selectivity of the separation. The
paucity of well characterized displacers and the lack of knowledge
of the sclute adsorption isotherms hinder most strongly the wider
ac and use of displacement chrumatography. In most cases,
displacer E,election is ftill done by trlal-a_rxi-l;uergfp. t;n the
majorl of modern displacement chromatographic ications a
revetsg-phase system was used to separate small polar molecules,
antibiotics, oligopeptides and small proteins (52-66). .
Recently, we succeded in cambining the unique separation
selectivity of cyclodextrin-silicas and the preparative effici
of displacement chroma y (67-69). The early results sugges
that lacement chroma y on cyclodextrin silicas may play
an impo: t role in the dew of new (mostly chiral) S.
In this chapter we will briefly describe the steps that we follow
in developing such separations (study of the retention controlling
factors and the adsorption characteristics of the displacers),
followed by the discussion of a few representative displacement
chramatographic separations.

Experimental

A camputer—controlled displacement chramatograph was built from
camnercially available ca%onents (Fig. 1) to perform the elution-
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Fig. 1
chematic of the multipurgose liquid chromatographic
system used in the present studies. For details see text.
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mode, frontal-mode and displacement-mode experiments (56,59,67-69
Two 1C-2010 reciprocating piston- pumps (Varian, walnut Cree?(
CA), capable of delivering both low and high flow rates, were
connected to the columns via a pneumaticall opetated carpxter
controlled 7010 multiport switching a Type 7000
injection ve (both fram Rheodyne, Cotati, CA) 'me purpose of
thedtmnycollmmwastomsurethatallsolutlonsused the
reakthm:gh

seYara ons were precampressed to the operational pressure when
um-switching occurred. 4.6 mm ID, 1/4 in OD ss. colums were
usedmalla:permentscolmmengﬂlmthelsothenn
determinations was varied acco: rd.uxi adsorption

the solutes and the displacers. Al coltmmsweretbennosta

30 C by water—jackets. 'mecolmm'swereconnectedtoanRI—3
differential refractive index detector and an LC-2100 variable
wavelength UV detector (both from Varian). A Chrom II A/D board
(Me , Taunton, M), connec(:ted to an IBM AT—cmgil:ible
Powerma II personal camputer (NEC, Carmputer Access, ege
Station, TX) was used for data acquisition. An mteractlve program,
Chramplotl, devel in our laboratory and written in Quickbasic
(Microsoft, WA) was used to collect the data and analyze
boththechrunatogmxsarﬂthebreakﬂuux;hauves. The nonlinear
regression routines of the SAS PC program package (SAS Institute,
Cary, NC) were used to determine the mmeric tersofme
adsorption isotherms. During the displa chrama’ phic
separations fractions were collected by a Cygnet fraction collector
{Isc:oé1 dmmncoln NB). The fract:mxﬂmi1 were analyzedutlc:ganag;L Ic arsgso
1qul with a Type 8085 a er a
Vista 402 data-sta 1mm

In order to eliminate effects of occasional batch-to-

batch variations in the packing material, a single large batch of
the cammercially available 5 um cyclodextrm 1ca, Cyclabord I,

Batch Number 880720A (ASTEC, Whi] , NJ) was used throughout the
studies. 'mecollmmsweres'luny with a Haskel pump in our
laboratory.

The solutes and displacers (Aldrich, Milwaukee, WI and Sigma,
St. ILouis, MDO) were used as received, without further purlflcatlon.
HPLC—grade methanol and acetonitrile {Mallinckrodt Paris, KY), as
well as water ggoduoed a Millipore Q unit (Mllilpone, Bedford,
MA) were used make all solutions.

Results

The development of a displacement chromatographic separation
ally involves the following main steps:
(i) tion of the retention behavior of the solutes (m

infinite dilution) in the elution mode in order to find

the camposition of the carrier solution that 1prav:.des

sufficient initial solute retention (prefe.rab y k'>10);
(ii) seard: for displacer candidates by considering

ang probable chramatographic 1nteractlons of the

(iii) determmtlm of the retention behavior (in infinite
dilution) of the displacer candidates and elimination of
thosgwhldaarelessretamedthanthemststmqu
retained solute of the sample

(iv) determination (whenever possmle of the individual excess
adsorption isotherm of the retained solute (by, e.g.

frontal dumamgr;mg
(v) determination of rption isotherms of the displacer
candidates selected in the previous retention tests;
(vi) selectlon of a lacer whose isotherm does not mtexoept
the iscotherms of

(vii) letlon of the dJSplacanent chrama c_ separation
the selected displacer and collmf fractions;
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ard
(viii) analysm of the collected fractions in the elution mode to
determine the extent of the separation, the purity of the
fractions and the yield.
In the initial experiments reported here we did not attempt
to optimize the separatlon 1n terms of xleld and production rate.

Rather, our te that displacement
chromat separatlons axe feas:.ble on a chiral tionary
phase, cyc odextrm-snlca, w?u information
the structure of dlsplacers ch used with

cl in-silicas. The method development sequence described in

frvevmus paragraph will be followed in the discussion of the

Factors Which Influence Solute Retention on Cyclodextrin Silicas

Generally, cyclodextrm—snlcas are used in the reversed-phase
mode. e most important retention controlling parameters to
consider are the and concentration of the organic modifier,
and the pH, tion and type of the buffer in the eluent.

Oonoentratlon of the Organic Solvent in the Eluent. As in other
the solute retention curves (log k' vs. %

phase systems,
oxgamc modlfler) on cyclodextrin-silicas are quas1—11near, at
leastcveralmltedooncentratonrarge Such curves are shown in
5135 2-4 for the positional isamers of nitrophenol (Fig. 2) and
roaniline (Fig.3), and the enantiamers of Iuprofen (Fig.4).
Similar retention curves were ocbserved and lished for other
positional isamers (67), cis/trans isomers (68) and enantiomers

(69) .
Unlike with octadecyl-silica-type reversed-phase materials,
the log k! vs. % organlegymodlfler curves on lodextrin-silicas
tend to level off at very small k! valu&s when organic solvent
°°’/ K imtrong propesed previounly  (\o35) thit this bemvior can
v/v revious 36-39 s vior can
lained by noting that at sucli,1 Su concentration levels the
orgaglc so%rl:nt moleculfes slaturate all off the cyclodextrin
cavities. range of solute capac1 actor on
cyclodextrin-silica rarely exceeds the twgy and a hal?‘a;ggs of
magnitude limit as the concentration of the organic modifier is
varied between 0 and 100 %.
The retention tmes lof the 1satferl's or enantiamers oftthe
same campound tend coselpaxal Figs. 2-4) indicating
that in contradistinction Y octzg gsl—sul)ca phases,
separation select1v1ty for the 1sanezs be, in general,
roved much dm)gu%ent concentration of the organic
ifier. However, ion curves of different campound
types, especially when the solutes have different polar functional
graups, are not parallel at all (67-—69), a fortunate fact that can
be utilized to great advantage in displacement chromatography.

The Effects of the Eluent Buffer. Our understanding of the role
of the eluent buffer in the control of solute retention is
samewhat incomplete yet. It was rted g;:t the effects off ge
ionic strength depend very strongly on charge type o e
solutes (p051t1ve, negative or rnnduarged) and the pH of the
eluent (67). At constant pH, the retention of noncharged solutes
increases sllghtl with the ionic strength of the eluent, and the
extent of the e is camparable what is observed in

octadecyl-silica-based reversed-phase togra;:hlc systems. For
charged

the mlstx’ergmlem lon can partcul rcanb ti Wﬂg
ionic i on the icular ination o
eluent pH and solute ctarge (57).

The effects of eluent pH upon the retention of various
solute types in pure water as eluent are shown in Fig. 5. The pH
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Fig. 2

Regention curves for the nitrophenol isomers on beta-
cyclodextrin-silica columns. Eluent: methanol : water, (%
v/v), column temperature 30 C, eluent flow-rate 1 mL/min.
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Fig. 3

Regention curves for the chloroaniline isomers on beta-
cyclodextrin-silica columns. Eluent: methanol : water (%
v/v), column temperature 30 C, eluent flow-rate 1 mL/min.
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gentlon curves for the enantiomers of Ibuprofen on
beta—cyclodextrln silica columns. Eluent: acetonitrile :
water (% v/v), 5 mM triethylamine adjusted to pH 6.0 by
acetic acid. Column temperature: 30 C, eluent flow-rate

1 mL/min.
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Fig, 5

Variation of solute retention as a function of the eluent
pPH. Conditions: beta-cyclodextrin-silica; pure agqueous
eluent: fﬁ adjusted by HCl. Column temperature 30 C,
eluent flow-rate 1 mL/min.
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of the eluent was varied by adding h oric acid, i.e. the
ionic strength also varied slightly. retention of noncharged
solutes (whether nonpolar such as iodopropane or polar such as
phenol) does not %wim the eluent pH. The retention of
! soli , such as the p-ethylbenzenesulfonate ion
is” increased significantly as the pH of the eluent is decreased
from 7 to 3. When an i salt, e.g. sodium chloride is added to
the same eluent, the retention of the negatively charged solutes
is decreased. In contradistinction, the Tretention of positively
C solutes increases very 1y as the pH of the eluent is
incréased (72). However, it cannot determined yet how much of
this behaviour is due to the cyclodextrin moiety and how much 1s
caused by the silica matrix itself. More systematic studies using
both chiral and nonchiral solutes will have to be campleted before
all the effects of the buffers upon solute retention and separation
selwttl:ylty will be fully understood and utilized to enhance the
separations.

The Effects of FEluent Temperature. In agreement with previous
studies (67), both solute retention and sepaerlation selectivity were

fourd to increase significantly as the \ was
reduced from 30 to 0 C, as shown in Fig. 6 for the enantiomers of
w. The change is much larger than what is observed on an
cylsilica MW colum and the improved separation
selectivity is attri to more pronounced inclusion complex
formation.” Solute retention decreases precipitously when the
ture of the eluent is raised to or above 60 C, an important
fact that can be utilized advantageously for the rapid removal of
ly adsorbed camponents (such as displacers) from the
cycl in-silica_ column. . .
Thus, in conclusion, it can be stated that retention studies
such as the ones outlined above permit the selection of operation
conditions (type ard concentration of the organic modifier,
concentration and of the buffer, temperature of the eluent)
which lead to S ficisélemécti.ni.tial solute ret:ent:E ion (k*>10) aﬁrg
maximm separation ctivi necessary for a success
displacement chramatographic sef)yaratlm

For example, it can be seen in Fig. 3, that the highest ible
k' values for the phenolic solutes are lower than desirable, even
in pure water as eluent. The solubility of these phenolic compounds
is also low in pure water. Therefore, as a campromise between the
opposing requirements of sufficient retention and high solubility,
a carrier solution composition of 10 % methanol : water was
selected for the further studies. Similarly, it can be seen from
Fig. 5, that the k' values of the rofen enantiamers are around
10" in_the 30 % acetonitrile : fer eluent, therefore this
camposition was selected for the carrier solution for the
displacement chramatographic studies.

Individual Excess Adsorption Isotherms of Selected Displacers
Detergents have often been used as displacers on alkylsilica
reasonabl

colums, because their solubility in aqueous systems is ly
high arx'i their retention can be tely controlled by systematic
variation of the ylic ic balance of the molecule.

We have successfully used both ionic (67) and nonionic (68)

detergents as displacers on cyclodextrin-silicas as well. Their

adsorption isotherms have been published (67-69) and were fourd to

be dowrwardly convex, though they did not follow the simple
on

i erm equation seems be better when the displacer molecule
contains at least one bulky hydrophobic group which fits the cavity
of the cyclodextrin moiety well. The cationic detergent displacers
often successfully reduced the untowards effects of nonspecific,
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Fig. 6

Variation of solute retention and separation selectivit

as a function of the eluent temperature at constan

or?anlc modifier concentration, pH and ionic strength.
Solutes:  tryptophane enantiomers; column: alpha-
cyclodextrin-silica; eluent: 3 % V/v acetonitrile :
water, 1 mM citric acid adjusted to pH 6 by sodium
hydroxyde. Eluent flow-rate 0.5 mL/min.
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ion—exchange-type solute retention as well. Both the shape of the
isotherms and the amount of the adsorbed dlsplacer strongly
depended on :gamc modifier concentration, pH and ionic
strength of the sol (72,73).
Aramatic phenols and alcchols were also found to act as good
displacers on cyclodextrin-silica colums (67,69). Since the
retention studies discussed above indicate that mtrophenol 1s
more retained (Fig. 2) than the chloroaniline isamers (Fig. 3), amd
4-t-butylcyclohexanol is more retained than the rofen
enantiomers (Fig. 4) , P-nitrophenol and 4-t-butylcyclohexanol were
i%ected as possible displacers for the separations discussed
ow.
Since the chlorvanilines are sufficiently retained (k'>5) in
a 10 % v/v methanol:water eluent, and the Iuprofen enantiamers are
sufficiently retained in a 30 s v/v acetonitrile:buffer eluent,
these solvents were selected as carrier solvents for the
lacement chrama ic separations. Also, these solvents were
to determine the rption isotherms of p-nitrophenol and 4-
t-butylcyclohexanol on beta—cyclodextrin silica. The isotherms were
determined from frontal chromatographic measurements as described
m 56) . The isotherms are shown in Figs. 7 and 8. Since both
are downwardly convex, p-nitrophenol and 4-t-
butylcyclohe)anol might prove useful displacers for our test
so%mutes provided that they are more strongly adsorbed that the
SO,
Up to now, displacers had to be selected by trial-and-error.
This required a significant investment of time and effort, and
tly ~ hindered the use of cyclodextrin-silicas in the
gglacemnt chromatographic mode of operation. However, recentl
we recognized that the successful displacers had common X
features: they all contained a h ic anchor group which
closely matched the size of the cyclodextrin cavity, and a middle
sectlon vwhich was capable of h en bonding with the secondary
x¥1 qroups of the cycl in ‘moiety. By connecting a third,
sol 3— J ‘Jg section to the molecule, a series of
ly rela dlsplaoers could be deslgned and synthesized.
Further work underway in our laboratory to determine the
retention c:haract:erlstlcs and adso ion 1sotherms of these
d.lsglacer lmologtm on and beta—cyclodextrin-silica
jonary phases. 1on isotherm libraries will be
published shortly (quh et al., J. Chramatoqr. in preparation).

Individual Excess Adsorption Isotherms of Selected Solutes

trial-and-error experimen ts can be avoided during the
development of a lacane.nt nﬁnﬂ ion, when the
isotherm of at 1 the most strongly adso sample component
is known. Therefore, as the next step, the adsorption isotherms of
the most retained isamers of chloroaniline and Ibuprofen, the
examples discussed above, wexedetemmedasﬂwwanlgs 8 and
9. It can be seen by campar. mri isotherms of the solute and
prospective lacer pairs that indeed p-nitrophenol can be used
as a displacer for the separation of the chlorocaniline isamers. The
situation is more camplicated with TIbuprofen and 4-t-
b.xtylcyclohexaml because their isotherms cross each other at 1.5
This indicates that successful separations can be only
below this concentration level. Other examples of crossing
isotherms were also reported (69).

ngr&sentative Digglacetrent Chromatoqraphic Separations on
Beta—Cycl in-Silica

Once the campos1t10n of the carrier solution and the 1dent1ty of
the pramising displacer are detexmmed the actual displacement
chramatographic separation can attatpted As an example for a

In Analytical Biotechnology; Horvéth, C., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1990.
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Amount Adsorbed (umol/¢olumn)
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Fig. 7 |
Adsorption isotherms of p-nitrophenol and the most
retained isomers of chlorocanilines. Conditions: 15 cm x

4.6 mm ID column packed with beta-cyclodextrin-silica;
solvent: 10 % v/v methanol : water; temperature: 30 C.
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Fig. 8

Adsorption isotherms of 4-t-butylcyclohexanol and the
more retained enantiomer of Ibuprofen. Conditions: 15 cm
X 4.6 mm ID column packed with beta-cyclodextrin-silica;
solvent: 30 % v/v  acetonitrile : water 5 mM
triethylamine adjusted to pH 6.0 by acetic acid; column
temperature: 30 C.

In Analytical Biotechnology; Horvéth, C., et al.;
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Detector Signal {volts)
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Fig. 9

Displacement chromatogram of a_ chloroaniline mixture
containing 44.7 umol of the meta isomer, 29.8 umol of the
ortho isomer and 16.4 umol of the para, isomer.
Conditions: 50 cm x 4.6 mm ID beta-cyclodextrin-silica
column, carrier solvent: 10 % v/v methanol : water;
displacer: 13 mM p-nitrophenol dissolved in the carrier
solvent; displacer flow-rate: 0.2 mL/min; column
temperature: 30 C.
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time {minutes)

Fig. 10

Disglacement chromatogram of a racemic mixture of 0.5
umol Ibuprofen. Conditions: 50 cm x 4.6 mm ID beta-
cyclodextrin-silica column, carrier solvent: 30 % v/v
acetonitrile : water, 5 mM triethylamine adjusted to EH
6.0 by acetic acid; displacer: 1 mM 4-t-butyl-
cxclohexanol dissolved in the carrier solvent; displacer
flow-rate: 0.2 mL/min; column temperature: 30 C.

In Analytical Biotechnology; Horvéth, C., et al.;
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Concentration (mM)

—=— R-IBUPROFEN
{ —+— S-IBUPROFEN
—¥- 4-t-BU-CYCLOHEXANOL

0.8

0.6

0.4

0.2¢

o 1 1 I{%‘, I by
o} 10 20 30 40 S50 60 70 80 90 100 110 120
Fraction Number

Fig. 11

Reconstructed displacement chromatogram of .a racemic
mixture of 0.5 umol Ibuprofen. Conditions: as in Fig. 11.
Collected fraction size: 60 uL. The collected fractions
were analeed on a 25 cm x 4.6 mm ID beta-cyclodextrin-
silica column using a 70 % acetonitrile : water eluent,
which contained 5 mM triethylamine and its pH was
adjusted to 6.0 by acetic acid.

In Analytical Biotechnology; Horvéth, C., et al.;
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positional isamer separation, the displacement chramatogram of a

0.1-millimole chloroaniline le was cbtained on a 50 cm x 4.6
mm ID. analytical beta-cycl in-silica colum using a 13 mM p-
nit: 1 solution as displacer. The displacement chroma

recoedbyaUVdetectorlsstman.Q.Analysmofthe
fractions collected on the first, seco and third plateaus
indicates the presence of pure meta- ortho- and p-isomer,
respectively.

The displacement chromatogram of a 0.5-umol sample of racemic
TIbuprofen with 1 mM 4-t-butylcyclohexanol as displacer is shown in
Fig. 10. Since partiall separated bands of the enantiamers can
also lead to constant ghz us in the chramatograms, the detector
trace recorded during displacement chramatographic separation
genexally does not provide suff1c1ent information to judge the

al g of the separation. Therefore, small, 60 uL fractions were
co

fram the interesting of the chromatogram (between
150 and 170 minutes) and were yzed subsequently in the elution
mode using ancther beta: lodextrin-silica column and an eluent of
70 % acetonitrile : fer. The recons