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bstract

Almost all proteins are expressed in several variants, also known as isoforms. Individual protein variants differ by modifications of the individual
mino acid side chains, or the N- or C-terminus. Typical modifications are glycosylation, phosphorylation, acetylation, methylation, deamidation
r oxidation. It is of utmost interest to either get a quantitative picture of the variants of a particular protein or to separate the variants in order

o be able to identify their molecular structure. Protein variants are present in native as well as in recombinant proteins. In the case of protein
roduction it is interesting, how variants are generated during fermentation, purification processes, storage, and how present individual variants
nfluence the biological activity. This review provides a comparison of chromatographic and electrophoretic separation methods to analyze and to
repare protein variants.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Currently, the overexpression of recombinant proteins is
tate-of-the-art for production of biopharmaceuticals and diag-
ostics, preparation of research material to investigate protein
unction, and applications as fine chemicals and biocatalysts.
here has been a strong emphasis on the quality of overexpressed
roteins on proteins intended for human therapeutics. The first
ecombinant therapeutic protein was human insulin [1], which
as approved in the US in 1982 [2]. Since that time, numerous
rotein-based biopharmaceuticals have entered the pharmaceu-
ical market [3–5].

Depending on the nature of a therapeutic protein an ade-
uate expression system must be chosen. Therapeutic proteins
ave been overexpressed in large quantities in bacteria (E. coli),
east (S. cerevisiae), and mammalian cell lines (CHO, BHK).
election criteria for the appropriate expression system are cell
rowth, nutrient requirements, simple handling in the bioreac-
or, high expression rates, ability to secrete the product, when
equired and potential of synthesizing posttranslational modifi-
ations, such as glycosylation.

Approximately 40% of protein-based biopharmaceuticals are
roduced in E. coli. In cases where the target protein is not gly-
osylated in its native form, or posttranslational modifications
re not required for therapeutic potency, E. coli is a powerful
roduction system. E. coli enables rapid high level expression
f recombinant proteins, and processes can be easily scaled-up.
urther advantages are simple growing conditions on synthetic
edia and high expression rates. Typical biopharmaceuticals

roduced in E. coli are recombinant insulins and insulin analogs,
uman growth hormone (hGH), interferons (IFNs), and inter-
eukins (ILs). One limitation of the E. coli system is deposition
f the target protein in inclusion bodies in a non-native con-
ormation which has been exploited for development of simple
urification schemes. The dense protein aggregates can be eas-
ly removed from the cell homogenate by centrifugation, and
he protein can be recovered in a very pure form. The simple
ecovery is followed by a time-consuming solubilization and
efolding [6].

Several therapeutic proteins are produced by genetically
ngineered S. cerevisiae strains [5]. In particular, recombinant
nsulin-based products are produced by S. cerevisiae [7] in large
uantities. One of the latest approved protein-products derived
rom S. cerevisiae by the FDA is recombinant human serum albu-
in for vaccine formulation [8]. The advantages of using yeast

s expression systems are: high expression rates, simple scale-
p of fermentation, excellent nutrient and oxygen utilization,

The majority of therapeutic recombinant proteins are pro-
duced in mammalian cell lines, since many biopharmaceuticals
require glycosylation similar to human glycan structures for
their biological function [11]. Recombinant and chimeric anti-
bodies are exclusively produced by mammalian cells, owing to
the complexity of these molecules [12,13]. Compared to bacte-
rial or yeast systems, the expression of heterologous proteins in
mammalian cell culture is technically more complex. High cell
densities, as in bacteria or yeast, cannot be achieved. Although
alternative expression systems, such as transgenic animals, have
proven to be successful [14,15], no therapeutic product has yet
been approved. It is likely, that the first recombinant thera-
peutic protein produced using transgenic technology will soon
be approved in Europe [16]. A recombinant form of human
antithrombin (antithrombin III) for the treatment of patients with
hereditary antithrombin deficiency (HD) has been successfully
expressed in transgenic goats [17].

A major concern in pharmaceutical industry is consistency of
the product. Microheterogeneity results from posttranslational
modifications, enzymatic modifications, incorrect translation of
the target protein, and modifications caused by processing and
alteration. Each modification may affect the biological activ-
ity or stability of the final product. Therefore, high standards
are placed from health authorities on purity, consistency, and
potency of therapeutics. Microheterogeneity is also a concern
for production, especially for downstream processing. Purifica-
tion of the correct form is a challenge for process development.
Characterization of the product is necessary for determining
isoforms, which may be present with similar properties, and
may complicate purification. In bacterial expression systems,
the overexpressed protein is often deposited in inclusion bodies,
which often requires times-consuming refolding procedures.

An important point in commercial production of protein ther-
apeutics is that misfolded or aggregated forms must be separated
from the correctly refolded target protein. Another point is that
heterogeneity with respect to the N-terminus has been reported,
when using E. coli as expression system [18]. Kikumoto et al.
identified three species of recombinant IL-1�, which differ in
their first amino acid residue [18]. Covalt et al. showed that it is
possible to favor the expression of several N-terminal isoforms
of a recombinant protein by adjusting fermentation conditions
[19]. It is clear that differences in the N-terminal processing
can affect the biophysical and biological properties of proteins.
For IL-1�, it is known that differences in the N-terminus affect
receptor binding activity [20].

During refolding of recombinant proteins from IBs, different
configurations are present in the refolding solution. During each
resence of an efficient protein secretion pathway, and robust
ost-translational machinery. S. cerevisiae is capable of form-
ng correct disulfide bonds [9]. Furthermore, subunit assembly
f complex proteins in their functional form is possible [10].

r
f
o
p

efolding procedure, side reactions, which lead to misfolded
orms or the formation of aggregates, are present. Separation
f different protein conformational species is necessary during
roduction of recombinant proteins, since protein species with
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ispaired disulfide bonds or random polypeptide chains have
o biological activity.

Glycoproteins derived from mammalian cell culture often
ave a strong polymorphism concerning their glycan moieties.
ariations in the oligosaccharide chain structure present on gly-
oproteins can significantly affect many protein properties such
s solubility, specific activity, circulatory half-life, antigenicity,
esistance to protease attack, and thermal denaturation [21].

Rapid, reliable, and quantitative analytical methods are
eeded to resolve several variants/isoforms of a protein. Thus,
hromatographic and electrophoretic methods are the preferred
nalytical tools for resolution of protein variants to learn about
he microheterogeneity of recombinant protein preparation.
onventional HPLC and isoelectric focusing (IEF) are classical
ethods for this purpose. Although these methods are robust

nd provide sufficient information for process development or
rough overview (distinct protein pattern), they may not be

ble to resolve all protein variants. When a higher resolution
s required, capillary zone electrophoresis (CZE), micro-liquid
hromatography (�-LC), and two-dimensional electrophoresis
2-DE) electrophoresis are additional options.

Several reviews have been previously published concern-
ng each special analytical method [22–28]. The review pre-
ented here provides a summary of chromatographic and elec-
rophoretic techniques, which can be applied for characterization
f recombinant proteins concerning their microheterogeneity.
n overview about possible analytical tools, which can be

dapted to characterize recombinant protein variants, and a
omparison of electrophoretic methods with chromatographic
ethods regarding the ability to separate protein variants, are

lso provided.

. Separation of variants/isoforms of proteins

.1. Chromatographic methods

.1.1. Ion-exchange chromatography
In ion-exchange chromatography (IEC), electrostatic inter-

ctions play the major role in protein retention. Boardman and
artridge [29] formulated a general model of how compounds

nteract with ion exchangers. The relative retention (k′) of a com-
ound defined as:

′ = VR − V0

V0
(1)

here VR is the retention volume and V0 the void volume, is
elated to the salt concentration by a power law:

′ = aI−b (2)

here I is the salt concentration, and a and b are empirical
arameters, which are related to the equilibrium binding con-
tant and number of charges of the compound interacting with

he ion exchanger. This formalism has been expanded by Kopa-
iewicz et al. [30] for proteins. They named it “stoichiometric
ass action model”, treating the adsorption of a protein like a

uasi-chemical reaction. For mono-valent salt ions, the reaction

c
a
w
w
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an be written as:

+ zIs ⇔ q + zIm (3)

here C is the protein concentration in the mobile phase, q the
rotein concentration in the stationary phase, z the number of
harges of the protein, Is the salt concentration in the stationary
hase, and Im the salt concentration in the mobile phase. The
quilibrium binding constant (Kf), according to the law of mass
ction, is:

f = qIz
m

CIz
s

(4)

The number of interacting charges can be easily obtained
rom pulse response experiments at different salt concentra-
ions as shown in Fig. 1 [31]. The steeper the curve, the more
rotein molecules interact with the ion exchanger. Brooks and
ramer [32] postulated the steric mass action model (Fig. 2),

aking into account the number of charges of the ion exchanger
hielded by the protein. Jin et al. [33] modified the stoichio-
etric mass action model to consider the charges, which are

ot accessible for the protein. These charges are located in
ores with a diameter smaller than that of the protein. Shen
nd Frey [34] have developed a formalism taking the effect of
H into account. Protein properties such as charge distribution
nd molecular geometry can significantly influence retention
ehavior on IEC. Variants of recombinant proteins often differ
nly in a few amino acid residues or even in a single residue
19,35]. A single amino acid substitution can already be suf-
cient for separation on IEC [36,37], if the exchange causes
ignificant modifications in the charge distribution on the sur-
ace of the protein molecule. In 1989, Chicz and Regnier [36]
orked with several genetically engineered subtilisin variants,
ith multiple amino acid substitutions as well as with single

mino acid substitutions, to describe the role of charged and
ncharged amino acid residues in the different retention behavior
f these protein isoforms on a strong cation-exchange mate-
ial (GE Healthcare Mono-S column). Yao and Lenhoff [38,39]
nvestigated the influence of electrostatic effects on the retention
ehavior within the protein-surface system of different proteins
cytochrome c, lysozyme, subtilisin, fibroblast growth factor)
n three conventional cation-exchange materials (Toyopearl SP-
50 C, Toyopearl SP-550 C, CM Sepharose FF), and explored
ow individual residues contribute to protein retention in IEC.
n the model used for describing the protein-adsorbent surface
nteraction, the geometry and charge distribution of the protein
ere explicitly included [38]. Electrostatic modeling was found

o explain slight differences in the retention behavior of protein
ariants with small structural variations.

Deamidation of side chains of asparagine and glutamine
esidues in proteins is often responsible for charge heterogene-
ty [40,41]. The uncharged side chains of these amino acids
re modified to an iso-glutamate and iso-aspartate residue or
o a glutamate and aspartate residue. Therefore, an additional

harge is introduced to the protein per modification. Perkins et
l. [42] showed that the deamidation of two asparagine residues
as responsible for variants of a murine monoclonal antibody,
hich could be detected by cation-exchange chromatography
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esolved by CIEX as shown by Weitzhandler et al. [46]. In their
ork CIEX was performed on polymer grafted stationary phases

Dionex ProPac WCX-10 column and ProPac SCX-10 column).
he same material was also successfully applied for separation
f native ribonuclease A and two of its deamidation products,
nd for separation of variants of cytochrome c and hemoglobin
46].

Miniaturization of separation systems has rapidly advanced
ecently, leading to shorter analysis times and smaller sample
olumes. In addition, successful separation of closely related
ecombinant protein variants on �-HPLC anion-exchange chro-
atography (AIEX) using a non-porous grafted chromato-

raphic support (fused silica capillary packed with 10 �m
ionex ProPac SAX-10 beads) has been demonstrated in 5 min,

pplying only 2 �l sample [47].
Another method to perform fast separation is the usage of

onoliths as stationary phase. Most of the recent work with
onolithic supports has been carried out with methacrylate-

ased materials [48,49]. This chromatographic support enables
onvective transport and prevents pore diffusion resistance
50,51]. Hahn and Jungbauer [52] showed that separation of
roteins can be achieved in less then 10 s. Therefore, limits of
ethods using monoliths are speed of detection and liquid han-

ling, but not the separation as such.
Charge heterogeneity of protein variants can also result from

odifications such as glycosylation. An analytical method for
he separation of glycoforms, such as human serum transferrin,
iffering in their amount of sialic acid residues by AIEX (Dionex
roPac PA1 column) was shown by De La Calle Guntiñas et al.
53]. In addition to the commonly applied salt-gradients in IEC,
H-gradient elution is an indispensable method for the separa-
ion of variants due to charge heterogeneity. When pH-gradient
lution is applied, proteins elute roughly in order of their pI val-
es. Similar to chromatofocusing (CF), which is discussed in
he next section, proteins are focused in narrow bands where the
H is close to their pI values. Compared to salt-gradients, gen-
ration of reproducible, linear pH-gradients is more complex.
H-gradient-elution can be combined with salt-gradient elution.
altenbrunner et al. [54] were successful in separating isoforms
f a human monoclonal antibody with a narrow pI range by
IEX (GE Healthcare, Mono S HR5/5 and Mono S HR16/10
olumns) using a linear ascending pH-gradient combined with
linear descending salt-gradient (Fig. 3). pH-gradient elution

n small monolithic columns could be applied for rapid sepa-
ation of related protein variants [55]. Variants of manganese
eroxidase were separated by a combined pH-salt-gradient on a
trong anion-exchange monolithic support (CIM QA disk, BIA
eparations), where elution was completed in less than 2 min.

Due to cost and time, miniaturization poses a challenge
n analytics. Andersen et al. [56] described the separation of
wo genetic variants of �-lactoglobulin using a weak anion-
xchange material (GE Healthcare, Mono P particles) as well as
strong anion-exchange material (Polymer Labs PL-SAX par-
icles) packed into fused silica capillaries. The separation was
chieved using a pH-gradient from 6.8–4.3. A baseline separa-
ion could be achieved on both materials, in which the capillary
acked with the PL-SAX particles provided a two-fold decrease

t

m
u

= 2.8 mS/cm; elution buffer: 5 mM borate (pH 9.1), κ = 0.9 mS/cm. Elution was
ffected with a linear pH-salt-gradient over 20 column volumes at a flow rate of
ml/min [54].

n peak width compared to the capillary packed with the Mono
material.
Displacement chromatography [57] is another method which

an provide resolution of closely related protein variants [37,58].
undu and Cramer [58] separated bovine and horse heart

ytochrome c by CIEX (Waters SCX-column) using N-�-
enzoyl-l-arginine ethyl ester (BAEE) hydrochloride as a pro-
ected amino acid displacer. Their work underlined that dis-
lacement chromatography offers high-resolution separation in
preparative mode, which is important for purifying recombi-
ant proteins.

.1.2. Chromatofocusing
CF, a variant of IEC, was first described by Slyterman et al.

59,60]. Frey and colleagues further developed the theory of CF
dvancing numerical simulation methods for the calculation of
he internal pH [61,62] and creating simple buffers systems to
enerate a quasi-linear pH-gradient in the column [63]. During
F, proteins are separated according to differences in isoelec-

ric points. A linear pH-gradient is generated within the column
y specifically designed and matched amphoteric buffers, con-
aining mixtures of polyampholytes with different pKa values
o achieve buffering capacity over the entire pH range used for
eparation. The retained pH-gradient travels slowly through the
olumn compared to the unadsorbed eluate. CF is performed
y titration of a weak ion-exchange column in contrast to pH-
radient elution, where strong ion-exchange materials are used.
hus, proteins with different pIs migrate at different rates down

he column as the pH-gradient develops, and are continually
anded and dissociated while being focused into narrow bands.
he formation of the pH-gradient is slow compared to the migra-
ion velocity of unadsorbed eluates.
An example for CF is the separation of protein variants of

AB (Fig. 4) and recombinant human superoxide dismutase
sing weak anion-exchange Mono P columns (GE Healthcare)
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Fig. 4. Separation of isoproteins of a human monoclonal antibody by CF on a
Mono P column (HR 10/30). Ten milligrams of lyophilized human monoclonal
antibody were dissolved in 2 ml of equilibration buffer and loaded onto a 23.0 ml
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rom 9.5–7.0 at a flow-rate of 1 ml/min [64].

64]. The peaks shown in Fig. 4 were fractionated and analyzed
ith IEF showing that isoforms of the antibody with a varying
I were present in the single peaks (data not shown).

Gradient CF is a newer technique [65,66] with simple low-
olecular mass buffer substances compared to conventional
F, which allows the generation of linear or other function
H-gradients. Shan and Anderson [67] compared the resolu-
ion of �-lactoglobulin A and B using gradient CF and salt-
radient chromatography on the same chromatographic material
Waters Protein-Pak DEAE column) and could show a signif-
cant increase of resolution using gradient CF. Compared to
onventional CF, a larger range of buffer concentrations can
e applied in gradient CF. Similar work by Kang and Frey [62]
how the applicability of commercially available micropellicu-
ar ion-exchange columns (Tosoh Biosep TSKgel DEAE-NPR
olumn, Dionex ProPac WAX-10 column) performing gradient
F for the separation of hemoglobin variants. Cation-exchange
F is rarely used for the separation of protein variants com-
ared to anion-exchange CF. Recent work by Kang and Frey [68]
emonstrates the use of high-performance cation-exchange col-
mn packings (Dionex ProPac WCX-10 column) in CF, where
imilar resolution was achieved using this material compared
o on anion-exchange CF. In addition, some separations were
ound to show better or worse resolution on anion-exchange CF
ompared to cation-exchange CF.

.1.3. Reversed phase chromatography
Reversed phase chromatography (RPC), especially RP-

PLC, is used extensively for the analysis of proteins. In RPC,
ilica or polymeric matrices are functionalized by a high den-
ity of alkyl groups (e.g., C4, C8, C18). Protein variants exhibit
ifferences in hydrophobicity and can, therefore, be separated
y RPC. Important factors for separation are column tempera-
ure, solvent strength, and structure of the ligand. Purcell et al.
69] investigated the chromatographic behavior of four insulin
ariants on RP-HPLC depending on temperature (5–85 ◦C), col-
mn residence time (10–60 min), and ligand structure (C18 and
4). Under certain chromatographic conditions, resolution of
hese four variants, differing in the amino acid residues A8-A10,
an be achieved. Their work concludes that these three amino
cid residues are directly involved in the chromatographic con-
act area of insulin. Improvement of the resolution of protein

b
e
a
C

togr. B 841 (2006) 110–122 115

ariants has been reported by adjustment of the right column
emperature by Dillon et al. [70], peak shape and recovery of
monoclonal IgG1 on RP-HPLC (Zorbax SB300 C8 column)
ere found to improve by increasing column temperature to
0 ◦C. Additionally, this work showed that a combination of
wo ion-pairing agents (trifluoroacetic acid (TFA) and heptaflu-
robutyric acid (HFBA)) in the mobile phase was beneficial for
eparation of charge variants and antibody fragments. Karlsson
t al. [71] separated oxidized and deamidated hGH variants by
n isocratic RP-HPLC method (Vydac C18 column) at neutral
H and column temperature of 55 ◦C. Berti et al. [72] used RPC
C4 column) for the successful separation of oxidized forms of
ecombinant human cystatin C. The different peaks resolved by
PC were found to contain non-, mono- and dioxidized forms.
ondoc et al. [73] used RP-HPLC (Vydac C8 column; 35 ◦C
olumn temperature) to characterize recombinant human IL-10
ariants derived from E. coli inclusion bodies, and found that
he right form could be separated from three variants resulting
rom acetylated lysine residues. Previous work from George-
ascimento et al. [9] deals with the characterization of protein
ariants of recombinant human epidermal growth factor, which
s expressed in yeast. In the study, two oxidized forms were found
o be resolved by RP-HPLC (Vydac C4-column). Additionally,
soforms with variances at the C-terminus could be separated,
n which the main component contained a leucine residue at the
-terminus and a second component lacked this leucine residue.
uo and Feng [74] showed by RP-HPLC (C8 column) that

ngineered insulin variants, where one or two cysteine residues
ssential for disulfide bond formation were substituted with ser-
ne residues, have different structural properties due to different
hromatographic behavior. RP-HPLC has also been adopted for
he monitoring of product quality during production of recombi-
ant antibodies [75], where an automated system, consisting of
n affinity chromatographic step with a subsequent RP-HPLC
tep (Poros R220, Vydac C4), was used. Degraded forms of
he product could be detected with this analytical system. Fur-
hermore, the influence of temperature (40–70 ◦C) and flow-rate
0.5–3 ml/min) on peak shape and retention time was investi-
ated concerning RP-HPLC [75].

Normally, RPC is used for rapid analytical analysis. Work by
abharwal and Chase [76] shows that RPC (Whatman BioPrep
4 particles) can also be applied for the production of recom-
inant proteins. They presented the separation of two closely
elated insulin variants in a process-scale and outlined that the
pplied system is suitable for theoretical modeling for opti-
ization and scale-up. Sunasara et al. [77] used reversed phase

isplacement chromatography for the purification of recombi-
ant brain-derived neurotrophic factor from its variants, where
etrahexylammonium chloride (THAC) was used as a displacer.
perationally, displacement chromatography is similar to step
radient chromatography, with the difference lying in the fact
hat the displacer has the highest affinity for the stationary phase
ompared to all other solutes. Therefore, the displacer stays

ehind the protein zones and back mixing is avoided. Sunasara
t al. [77] were also able to scale-up this separation step from
n analytical column (Phenomenex Jupiter C4 column, Vydac
4 column) to a pilot-scale system (Phenomenex Jupiter 10 �m
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4, 250 mm × 50 mm). The system was successful in removing
n oxidized protein variant and a protein variant containing nor-
eucine instead of leucine from the native form of recombinant
rain derived neurotrophic factor.

.1.4. Hydrophilic interaction liquid chromatography
The characteristic of hydrophilic interaction liquid chro-

atography (HILIC) is the separation of solutes in a hydropho-
ic mobile phase using polar stationary phases [78]. Although
ILIC is not a commonly applied separation method, examples

xist concerning the separation of protein variants, especially
ariants of histones that have been characterized with HILIC.
indner et al. [79] used a weak cation-exchange column (Syn-
hropak CM300 column) and an increasing sodium perchlorate
radient in the presence of 70% acetonitrile to separate acety-
ated forms of histone H2A and H4. Mizzen et al. [80] applied
his method for the separation of histone H1 variants. By HILIC
PolyCAT A column), resolution of six known non-allelic vari-
nts of histone H1 was achieved. In addition, allelic variants
hich co-migrate in 1D electrophoresis could be separated by

his technique. In a recent study by Sarg et al. [81] eight forms
f human histone H1 were resolved by HILIC (PolyCAT A col-
mn). These variants had differences in amino acid sequence and
iffered in the degree of phosphorylation. HILIC can be consid-
red an alternative method for separation of protein variants,
hen IEC and RPC fail or do not provide sufficient resolution.
or very basic proteins, this mode of interaction appears to be
ell-suited.

.2. Electrokinetic methods

.2.1. Isoelectric focusing
A technique commonly used for determining charge hetero-

eneity of proteins is IEF in slab gels. Two main principles for
eneration of a pH-gradient can be applied in (a) immobilized,
on-amphoteric buffers (IPGs), and (b) soluble, amphoteric
uffers also known as carrier ampholytes. IPGs were introduced
n 1982 by Bjellqvist et al. [82], and are now the method of choice
ince higher resolution and reproducibility are achievable. An
mportant aspect of IEF is prevention of protein precipitation
uring focusing, otherwise artefacts are generated and false pos-
tive or negative charge variants are obtained. The separation
f recombinant human erythropoietin (EPO) variants [83–86],
aused by different glycan patterns, is a prime example for the
esolution power of IEF (Fig. 5). A more commonly known use
f IEF is in doping control of top athletes. In this validated analy-
is, recombinant human EPO is separated from endogenous EPO
85]. Other impressive examples of human glycoproteins sepa-
ated by IEF, are IgGs [87,88], human recombinant follicle stim-
lating hormone [89], human transferrin [90], human �-1-acid
lycoprotein [91], recombinant human interferon-�-1a [92],
ecombinant tissue-type plasminogen activator [93], and recom-
inant human follistatin [94]. Tsai et al. showed that charge het-

rogeneity of antibodies derived from mammalian cell culture
ust not mainly result from different glycan pattern [95], and

ttributed four major species of a distinct antibody separated by
EF to sequential deamidation products of the IgG heavy chain.

t
e
a
(

1) starting material; (2) unadsorbed material; (3) material eluted with 0.015 M;
4) 0.03 M; (5) 0.06 M; (6) 0.15 M; (7) 0.35 M and (8) 1 M NaCl. (From Ref.
83] with permission.)

A new approach to increase resolution of IEF is two-
imensional IEF [96]. The same IEF separation technique
as used consecutively in two directions of the same gel.
his method was successful in separating two isoforms of �-

actoglobulin, which could not be resolved with conventional
EF. Today, conventional IEF on slab gels for analytical purposes
s often replaced by capillary IEF (cIEF), which is discussed in
ection 2.2.3.

IEF also has application in preparative protein fractiona-
ion. We have also applied IEF for preparative separation of
ecombinant human superoxide dismutase [97], where IEF was
erformed in 0.5 cm thick preparative IPG gels. After separation
he individual isoforms were recovered by cutting the corre-
ponding bands and by overnight elution in water. In general,
EF suffers from the low solubility of proteins at the isoelectric
oint. This especially poses a problem in preparative modes,
ince higher protein concentrations are applied. Addition of salt
mproves solubility, but as a consequence too high current would
e obtained and heat dissipation could not be handled anymore.

Other possibilities for preparative IEF are techniques where
he proteins are recovered in solution [98–100]. The Rotofor
s a device in which IEF is performed in free solution [101].

preparative-scale Rotofor (total volume up to 55 ml) and
mini-Rotofor (total volume 18 ml) are available. The sam-

le chambers of the Rotofor are separated by liquid-permeable
ylon screens. Since this focusing method is based on the use of
arrier ampholytes, the pI accuracy is relatively poor. Ayala et al.
102] discussed the advantages and disadvantages of using the
otofor regarding complex protein solutions. Development of

he multi-compartment electrolyzer based on Immobiline mem-
ranes was a considerable improvement concerning preparative
EF in free solution [99,103]. The single chambers of this special
evice are separated by isoelectric membranes. In an electrical
eld, proteins can migrate from one chamber to another cham-
er until they have the same pI as a particular membrane. Then,
he proteins are captured and can be simply harvested. Owing
o this membrane technology, the pH-gradient decay which is

ypical of IEF using conventional carrier ampholytes is fully
liminated. Conductivity and pH constancy are guaranteed in
ll flow chambers for running periods of more than 11 days
160,000 V h) [99]. Wenisch et al. [104] demonstrated that this
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ig. 6. Analysis of a recombinant protein before and after purification analyzed
abeled with Cy5. (C) Overlay of Fig. 5A and B. (Kindly provided by Grzeskow

ystem allows processing of large sample volumes with pro-
ein loads in gram-scale regarding the purification of a human

onoclonal antibody. Furthermore, resolution of protein iso-
orms as close as 0.001 in pI difference was found to be possible
ith the multi-compartment electrolyzer. This method has also
een successfully applied for separation of protein variants of
nterleukin-6 mutein [105]. A recent development concerning
EF is the possibility of protein fractionation based on “off-gel
EF” [100], where proteins are fractionated depending on their
I values in a 96- or 384-multiwell devices, where the separated
roteins are directly recovered in solution. The principle of this
eparation method is to place the sample in a liquid chamber
hich is positioned atop an IPG gel. Therefore, the gel is able

o buffer a particular layer of the solution in the liquid cham-
er. Upon applying an electric field perpendicularly to the liquid
hamber, charged species (pI �= pH of the IPG gel) move into the
el. When the separation is complete, only the neutral species
pI = pH of the IPG gel) remain in solution and, therefore, the
ample compounds can be easily recovered in solution.

These IEF methods, where proteins are recovered in solution,
lso have a potential application in proteomics [106,107], since
enerated fractions of discrete pI-intervals allow the analysis of
arrow segments of a proteome. Optimally, high abundance pro-
eins should be removed, allowing low-abundance proteins to be
pplied at sufficient concentrations for the subsequent analysis,
uch as 2-DE or LC–MS [108,109].

.2.2. Two-dimensional electrophoresis
2-DE is currently the method of choice for separation of com-

lex protein samples and is often used in combination with mass
pectrometry in order to identify the individually separated pro-
eins. In 2-DE, IEF (as a first dimension) and SDS-PAGE (as

second dimension) are combined. Depending on the size of
he gel and the pH-gradient applied, more than 5000 proteins
an be separated simultaneously. The basic protocol for the first
imension in 2-DE using IPGs is still considered state-of-the-
rt [110]. The first dimension is performed on IPG strips, which
re later equilibrated with SDS buffer containing agents such as

lycerol, urea, and iodoacetamide. The standard procedures for
-DE have been extensively reviewed [24,111].

2-DE is not commonly used for routine analysis and quality
ontrol of recombinant proteins, due to cost and long experimen-

a
m
a
v

DIGE technology. (A) Starting material labeled with Cy3. (B) Purified material

al time. The main advantages of this method are resolution and
bility to identify isoforms of recombinant proteins with respect
o charge and mass heterogeneity within one run. For process
evelopment and optimization for the production of recombinant
roteins, 2-DE is a worthwhile analytical tool. Especially with
he help of differential gel electrophoresis (DIGE) [112], slight
ifferences in the protein pattern of recombinant proteins can
e identified, which may result from different construct designs,
ermentation strategies, or purification steps. Conventional 2-DE
uffers from gel-to-gel variations, making quantitative compar-
son complicated. DIGE overcomes these problems, because
ifferent protein samples, which are labeled with structurally
imilar but spectrally distinct fluorophores, can be merged after
abeling and this mixture can be separated within one 2-DE gel
113]. Since three CyDyes (fluorescent dyes) are commercially
vailable, current 2-D DIGE methods enable separation of up to
hree samples under identical electrophoretic conditions in one
-D gel. After scanning the gel with the appropriate excitation
nd emission wavelengths for each dye, the images of the two
amples can be easily superimposed and image analysis is facil-
tated (Fig. 6). The modern detection techniques in 2-DE have
een previously reviewed [114–116]. Fluorescence labeling of
ifferent samples is not the only method of analyzing multiple
rotein samples on one 2-D gel. Differential electrophoresis can
lso be performed by radiolabeling of different samples with
istinguishable isotopes, such as 14C and 3H [117]. This detec-
ion technique has been improved and is called differential gel
xposure [118].

In addition to the frequent application of 2-DE and DIGE in
roteomics, these methods have also been frequently applied in
rocess biotechnology. Rinas and Bailey [119] analyzed inclu-
ion bodies derived from E. coli fermentation containing recom-
inant �-Lactamase with 2-DE and detected truncated variants
f the target protein which may result from proteolysis or erro-
eous protein translation. Oswald et al. [120] focused on the
nfluence of different N-terminal fusion domains on the prod-
ct heterogeneity of a recombinant protein. Several fusions of
ecombinant restriction endonuclease produced in E. coli were

nalyzed with 2-DE. Depending on the fusion-tag used, frag-
entation of the target protein was observed [120]. Another

pplication of 2-DE regarding the characterization of protein
ariants was shown by Solstad et al. [121,122]. They sepa-
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Fig. 7. 2D-electrophoresis pattern of full-length wt-hPAH obtained as a fusion
protein after 24 h of induction in E. coli at 28 ◦C. Approximately 30 �g of
enterokinase cleaved fusion protein MBP-(D4K)ek-hPAH was subjected to 2D-
electrophoresis and stained with Commassie Brilliant Blue. The multiple molec-
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lar forms of the protomer (denoted hPAH I-IV [121]) differed in pI by 0.0.1
H unit, but shared the same apparent molecular mass of ≈50,000 g/mol. (From
ef. [122] with permission.)

ated four to five isoforms of recombinant human phenylalanine
ydroxylase (wt-hPAH) expressed in E. coli and found that het-
rogeneity was caused by labile asparagine residues which were
rone to nonenzymatic deamidation (Fig. 7).

.2.3. Capillary electrophoresis
In many applications, capillary electrophoresis (CE) has been

roven to be the analytical method of choice to characterize
rotein variants, since the use of capillaries greatly reduces
ample volume and analysis time compared to conventional
el electrophoresis. Additionally, it can be fully automated and
llows for quantitative data evaluation. The basic set-up of
CE-system was described by Jorgenson and Lukacs [123].

n CE, electrophoretic migration and electroosmotic flow are
ombined for the separation of positively charged, negatively
harged, and uncharged species through silica capillaries. One
f the major problems associated with protein separation by CE
sing untreated fused-silica capillaries is the adsorption of pro-
eins on the negatively charged silanol groups of the capillary
all. This can be circumvented either by chemical additives

124,125] to eliminate wall effects, capillary coating to shield
he silanol groups chemically [126–129], or by lowering the
H [124,125,130] to decrease the charges present at the capil-
ary wall. Denton and Harris [131] investigated the advantages
f coated capillaries over non-coated capillaries by analyzing
uman serum albumin variants.

The role of CE as analytical tool for recombinant pro-
eins has been extensively reviewed [132–136]. One major
pplication is the characterization of glycoprotein variants
137,138]. A set of different microscale techniques of CE
xists for analyzing recombinant glycoproteins. CZE is the
eneral method in this field for analyzing recombinant pro-
ein variants, such as human EPO [139,140], human chori-
nic gonadotropin [141], human tissue plasminogen activa-
or [142], human granulocyte–macorphage colony stimulating
actor [143], and human blood coagulation factor VII [144].
ll of these examples were performed in uncoated silica-
used capillaries. Coated fused-silica capillaries have frequently
eplaced the traditional silica-fused capillaries. Many different
ydrophilic polymeric coatings [145–148] have been devel-
ped to improve the performance of CE, and several pre-coated

v
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apillaries are commercially available. The advantage of these
odified capillaries has been demonstrated [149–151].
A special technique of CE is cIEF, which offers an alter-

ative to conventional IEF with slab gels. This technique was
rst described by Hjertén and Zhu [152], in which a mixture of
mpholytes and sample are filled in a capillary. Upon applying an
lectrical field, a pH-gradient is formed by the ampholytes, and
he proteins are focused in discrete zones at positions according
o their pI. For detection, the focused zones of protein are trans-
erred through the column either by pressure or electrophoretic
eans [153]. One major problem is the negative effect of salts

n the performance of cIEF, since high salt concentrations in the
ample destroy the generated pH-gradient. Therefore, samples
ust be desalted either off-line or on-line [154].
Similar to conventional IEF, the separation of glycoforms

f proteins derived from cell culture is a major field of appli-
ation. Cifuentes et al. [155] compared the performance of
IEF (laboratory-made polyacrylamide-coated capillary with an
ffective length of 20 cm) with conventional CZE and flat-bed
EF using recombinant human EPO as a model protein. They
oncluded that this cIEF method had a shorter analysis time
ith similar resolution; therefore, the method is well-suited

or rapid quality control. The results of the study also show
hat conventional CZE had better reproducibility and robust-
ess, and is therefore the method of choice for strict quality
ontrol. This cIEF method for analyzing recombinant human
PO was enhanced by Lopez-Soto-Yarritu et al. [156]. They

nvestigated different types of coated capillaries (laboratory-
ade, polyacrylamide coated capillary with an effective length

f 20 cm; Beckman eCAP neutral capillaries with an effective
ength of 40 and 20 cm). In this study, the influence of several
arameters – such as capillary length, range of pH of ampholytes,
nternal standard selection, pH and composition of electrolytes,
nd salt content of sample – were investigated regarding the
erformance of cIEF. They underlined that cIEF is a precise
ethod, also for routine analysis, when these parameters are

arefully optimized.
Tang et al. [157] also introduced a rapid and highly-

eproducible cIEF method with a �SIL DB-1 capillary coated
ith dimethyl siloxane with an effective length of 40 cm, and
sed this technique for the routine analysis of recombinant IgGs.
hey showed that profiles of cIEF for different recombinant IgG
reparations were comparable with densitometric scan profiles
f gel-based IEF. The resolution and reproducibility could be
mproved using a “two-step cIEF”, meaning that proteins are

obilized after focusing by applying low pressure.
A special separation technique of CE is micellar electroki-

etic chromatography (MEKC) [158,159]. Dönges et al. [160]
haracterized the high molecular mass glycoprotein antithrom-
in III by means of MEKC (polyimide coated capillary from
upelco). With a cyclodextrin-modified MEKC using SDS for
icelle formation, the analysis time for baseline-separation of

ntithrombin III � and � could be shortend compared to con-

entional CZE. �-Cyclodextrin was added to the running buffer,
o introduce selectivity behavior [161]. Goldman et al. [162]
escribed the separation of glyco-variants of human interferon �
erived from CHO cells with the help of MEKC (uncoated fused
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Table 1
Separation efficiencies (number of theoretical plates (N) per meter) for several analytes of CZE and CEC capillaries

Capillary Nf/m Analyte

CZE
Polyacrylamide coated capillary [185] 464000 Cytochrome c
Polyacrylamide coated capillary [185] 1290000 Ribonuclease A
Fused-silica capillary [186] 312796 Myoglobin
Fused-silica capillary [186] 227488 �-Lactalbumin

CEC
Coated capillary GPTMS-PEI coating [187] 118445 Tracer peak
Monolithic capillary column VBC-EGDMA monolith GPTMS-PEIa coating [187] 52966 Tracer peak
Monolithic capillary column VBC-EGDMA-SWNTb monolith GPTMS-PEI coating [187] 102775 Tracer peak
Monolithic capillary column with C4 functionality [186] 137440 Myoglobin
Monolithic capillary column with C4 functionality [186] 156398 �-Lactalbumin
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often preferred for the separation of complex protein samples.
Reversed phase chromatography seems to be more robust and
the sample matrix, in contrast to CEC, less influences reten-
tion and resolution. Mistry and Grinberg [177] emphasized the
a GPTMS: 3-glycid-oxypropyltrimethxysilane; PEI: polyethyleneimine.
b VBC: vinylbenzyl chloride; EGDEMA: ethylene glycol dimethacrylate; SW

ilica capillaries; electrophoresis buffers contained borate and
DS). This procedure has been previously described by James
t al. [163]. Goldman et al. [162] resolved the three glycosy-
ation site occupancy variants of interferon �: one variant has
wo occupied asparagine sites, the second form has only one
sparagine site occupied, and the third one is nonglycosylated.
n addition, glycosylated forms of interferon � were shown by
IEF (neutral coated capillaries from Beckman), to have at least
1 differently sialylated glycoforms over a pI range of 3.4–6.4.

The examples described here represent only high-
erformance separation of glycoforms of proteins. Conventional
E and modifications thereof can also be applied for the sepa-

ation of protein variants due to other modifications. Lindner
t al. [164] resolved different phosphorylated isoforms from
nphosphorylated forms of histone H1 with CE. Bullock [165]
mphasized the use of CZE (uncoated fused silica capillary,
ffective length 50 cm) for the characterization of recombinant
uman interleukin-4 and its degraded forms. The standard pro-
edures for analyzing size-based protein variants are SDS-PAGE
nd size-exclusion chromatography. Hunt and Nashabeh [166]
escribed an analytical method using CE for the analysis of
ecombinant monoclonal antibodies as a replacement for SDS-
AGE gels. First, the antibodies are labeled with a neutral flu-
rophore (5-carboxytetramethylrhodamine succinimidyl ester).
ubsequently, the labeled sample is incubated with SDS. The
omplex protein-SDS is then analyzed by CE using a hydrophilic
olymer functioning as a sieving matrix (fused silica capillaries
rom Polymicro Technologies, effective length 19.4 cm).

A recent development is chip-based capillary electrophoresis
167,168]. One instrument is the Agilent Bioanalyzer originally
eveloped by Caliper Technologies [168]. In contrast to con-
entional SDS-PAGE, this system provides a reduction of anal-
sis time by minimizing time-intensive steps such as staining,
estaining, and gel scanning. The “lab-on-a-chip”, or so-called
icrofluid technology, enables rapid and automated analysis of

roteins on a chip. Proteins from 5 to 200 kDa can be analyzed

ith a resolution of 5–10% and much better sizing precision

nd quantitation capability than SDS-PAGE [169]. An exam-
le concerning recombinant proteins was the quantitation of a
ecombinant monoclonal IgG4 by Vasilyeva et al. [170].

F
g
o

single-wall carbon nanotubes.

.2.4. Capillary electrochromatography
Capillary electrochromatography (CEC) is a hybrid tech-

ique that combines chromatographic selectivity with the high
fficiency of electrophoresis. Solutes are driven through the cap-
llary by the electroosmotic flow (EOF), instead of a pressure
radient as in conventional chromatography. Capillaries used for
EC can either be packed with chromatographic particles [171],
onolithic support [172], or adsorbed stationary phases onto

pen-tubular capillaries [173–175]. In Table 1, values are listed
or the efficiencies of CZE and CEC capillaries. The obtainable
igh peak capacities are promising for the high-speed separa-
ion of complex protein mixtures. Therefore, CEC appears to
e a viable method in conjunction with mass spectrometry. In
ig. 8, a comparison of peak capacities obtained by HPLC and
EC is illustrated by Zhang et al. [176]. However, when con-
ected to mass spectrometry, conventional HPLC methods are
ig. 8. Comparison of peak capacities of HPLC and CEC in isocratic mode and
radient mode according to Zhang et al. [176], reproduced by kind permission
f Amercian Chemical Society.
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ifficulty of transferring HPLC conditions to CEC. One impor-
ant point regarding CEC is that the average EOF in packed
apillaries is not significantly influenced by particle diameter
178,179] compared to pressure-driven chromatography. Flow
eterogeneity during CEC is mainly influenced by differences
n the zeta-potential between the capillary surface and the parti-
le surface. High excess zeta-potential has a disadvantageous
ffect on the column cross-sectional flow profile. The appli-
ation of monolithic capillaries has been reviewed by Svec
t al. [180].

CEC is not commonly used for the characterization of protein
ariants. Zhang et al. [176] showed a high-resolution separa-
ion of two variants of hemoglobin with CEC using fused silica
apillaries packed with silica beads with strong anion-exchange
unctional groups, which were attached on the chromatographic
upport via hydrophilic spacers. This group also separated
hree variants of cytochrome c by CEC [181], using func-
ionalized polymethacrylate microspheres with strong-cation-
xchanger properties. Rehder and McGown [182] used open-
ubular CEC for the separation of bovine �-lactoglobulin A and
. This work described the preparation of an aptameric sta-

ionary phase in open-tubular CEC. The attached aptamers are
ingle-stranded oligonucleotides, which are designed through
ombinatorial selection and are therefore specific ligands for
he target molecule. Future prospects in the field of CEC are in
he field of chip-based technology, where innovative work has
lready been shown [183,184].

. Conclusions

For high-resolution separations to resolve protein variants,
hromatographic and electrophoretic methods are often applied.
oth techniques can be principally applied for these tasks. Chro-
atographic methods are more robust and less influenced by the

ample matrix, but have lower resolution than electrophoretic
ethods. Thus, chromatographic methods are preferably used

or quality control, in-process control analysis, and preparative
eparation of isoforms. In addition, chromatographic methods
an be easily automated. The same holds for the capillary elec-
rophoretic methods. Regarding the production of recombinant
roteins, rapid analysis is essential for (a) control of fermenta-
ion conditions for the improvement of product homogeneity,
b) control of the efficiency of downstream processing in puri-
ying specific protein variants, and (c) determination of product
eterogeneity caused by changes in process conditions. IEF and
-DE have higher resolution than chromatogrpaphic methods.
herefore, these methods are popular for characterization of
omplex protein samples, essential tools for proteomics, and
re often used in connection with mass spectrometry for identi-
cation of individual proteins.

We think that even in future both chromatographic and elec-

rophoretic methods will be applied for protein separation. As a
onclusion, no single analytical method is able to compare every
spect of protein properties, and careful considerations should
e made which separation method is suitable for a particular
pplication.
togr. B 841 (2006) 110–122
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