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bstract

The proteomic studies, although, tend to be analytical in nature, yet many strategies of preparative protein purification can be usefully employed
n such studies. This review points out the importance of purification techniques which are capable of dealing with samples which are suspensions
ather than clear solution, e.g. aqueous two phase partitioning, three phase partitioning, expanded bed chromatography, etc. The review also
utlines the potential of non-chromatographic techniques in dealing with fractionation of proteomes. Separation protocols which can deal with
ost-translationally modified (PTM) proteins are also considered.

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

It is not uncommon that an emerging area attracts research
orkers from different disciplines. In the process, the area
� This paper is part of a special volume entitled “Analytical Tools for Pro-
eomics”, guest edited by Erich Heftmann.
∗ Corresponding author. Tel.: +91 11 2659 1503; fax: +91 11 2658 1073.
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evelops faster but the boundaries of the area quite often get
lurred (Table 1). The area of proteomics is a good example
f this. Irrespective of the perception (about the connotation
f the term proteomics) or the intended application, there
re an equally frequent references to “protein purification”

1,2] and “protein analysis” [3,4]. This should not cause any
onfusion since any analysis of a complex mixture requires

pre-fractionation and pre-sorting stage. The proteome is
ndoubtedly complex. This complexity has many dimensions:

mailto:munishwar48@yahoo.co.uk
dx.doi.org/10.1016/j.jchromb.2006.11.016
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Table 1
Development of the field of proteomics over the years

1975 Discovery of two-dimensional gel electrophoresis [167]
Anderson et al. employed selective denaturation in a temperature
gradient two-dimensional gel electrophoresis as an ‘initial
resolving method’ [168]

1981 First reports of development of a high field magnet coupled to fast
atom bombardment mass spectrometric studies of peptides [169]
Electron capture negative chemical ionization for tandem mass
spectrometry of neuropeptides [170]

1983 Improved reproducibility of two-dimensional gel electrophoresis
using immobilized pH gradients [171]

1988 Second generation immobilized pH gradient leading to
development of horizontal micro two-dimensional gel
electrophoresis [172]

1995 “Total protein complement of a genome” [173]
The term ‘proteomics’ was coined by the Australian Proteome
Analysis Facility Ltd. to emphasize similarity with genomics and
was viewed as “the next step”. Although Macquarie University
PhD candidate Marc Wilkins is credited with the christening of
this term in 1995, the origin of proteomics goes back to
1970–1980s, as evidenced above

1996 Establishment of mass spectrometry as a validated tool for
proteomics [174]

2000 Importance of proteomics in the area of biomarker discovery for
disease diagnosis and therapeutic monitoring recognized [175]

2001 “The analysis of complete complements of proteins. Proteomics
includes not only the identification and quantification of proteins,
but also the determination of their localization, modifications,
interactions, activities, and, ultimately, their function.” [176]

2004 Invitrogen Corporation introduces first commercially available
high density protein microarray containing 1800 unique human
proteins, including those involved in cell signaling

2006 “Proteomic and genomic analyses, while frequently not
hypothesis-driven, offer the opportunity to accelerate the pace of
discovery, particularly clinically relevant discovery” [177]
Fully automated computational program (BlastPro) developed for
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Table 2
An overview of the techniques used in ‘conventional’ and ‘proteomic’ separation

Conventional separation Proteomic separation

Pre-separation steps Pre-separation steps
Solid–liquid separation Protein depletion or protein

fractionation by any of the
separation techniques

(a) Filtration [180]
(b) Centrifugation [181]

Precipitation
(a) Salt [182]
(b) Organic solvent [183]
(c) Polymer [184]
(d) Detergent [185]

Chromatographic steps Identification steps
Ion exchange chromatography Two-dimensional gel

electrophoresis
Hydrophobic interaction

chromatography [186]
Mass spectrometry (coupled to
liquid chromatography)

Affinity chromatography [187] Orthogonal chromatography
Gel filtration chromatography [188] Two-dimensional

chromatography
Radial flow chromatography [189] Direct analysis of large protein

complexes (DALPC)
Perfusion chromatography [190] Isoelectric focusing using

nonporous reverse phase HPLC
(IEF-NP RP HPLC)

Expanded bed chromatography [42,43]
Displacement chromatography [33,34] Bioimaging
Monoliths [191] Microarray profiling
Non-chromatographic steps Microfluidics
Aqueous two phase extraction [67–69]
Three phase partitioning [63,64]
Reverse micellar extraction [192]
Crossflow ultrafiltration [193]
Preparative electrophoresis [194]
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rapid comparison of large proteomic databases leading to
identification of biomarkers for metastatic cancers [178]

large number of components, a wide range of molar con-
entrations and the dynamic nature. The last feature itself has
any facets. Proteins in a living cell continue to be “born” and

die”. What is more, these molecules change their structure and
ence shape/properties by aggregation or reversible covalent
hanges. These are the challenges of proteomics. Hence, the
kills acquired and the tools developed in the area of protein
urification have to be stretched to meet these challenges. It is
orthwhile to keep the differences in the objectives of a protein
urification exercise per se and in the context of a proteomic
tudy in mind. It is also instructive to list the wide range of
vailable protein purification strategies as people working in the
rea of proteomics may not be familiar with all of these (Table 2).
ight early, there seems to have been a consensus that it is pru-
ent to analyze proteins by looking at peptides that are generated
upon proteolysis) rather than analyzing the protein directly [5].
he early studies on proteomics were based upon electrophoretic
eparation of peptides which were analyzed by MALDI [6].

lternatively, liquid chromatography was used for separation

nd analysis was carried out by ESI-MS [7]. A good account of
ow MS has evolved for proteomic applications is available [8].
ith time and the widening of the horizons, it was soon realized

o
i
e
W

he techniques listed here are illustrative and not all-inclusive. In the ‘pro-
eomics’ scenario, separation is often synonymous with identification. The
mphasis is on ‘automation, miniaturization and integration’ [179].

hat there is a need to have pre-fractionation stages before anal-
sis [1,9]. These pre-fractionation stages may initially deal with
ntact proteins and later on with peptides. This is where pro-
ein/polypeptide purification strategies have become extremely
elevant. The advent of protein/peptide arrays has brought the
rea of affinity-based separations into sharp focus.

This review looks at some of the concepts and strategies in
he area of protein purification which have become relevant to
roteomics. As the concept of affinity interactions dominate even
he purification and, of course, the detection/analysis by protein
rrays, it is wise to start with that.

. The concept of affinity and affinity-based
eparations/analysis

Of all the separation methods used by biochemists, affin-
ty chromatography is considered most selective. This method

riginated in the observation that a coenzyme or a competitive
nhibitor would selectively bind to its corresponding enzyme
ven if the latter is present in a complex protein mixture [10].
ith time, it was realized that for this selective molecular recog-
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ition to occur, the in vivo relationship between the “affinity
igand” and the cognate enzyme/protein is not necessary (for
fuller discussion on the evolution of the affinity concept, see

11]). Simple textile dyes and metal ions were the next genera-
ion of affinity ligands. There was a natural concern that affinity
hromatography with textile dyes was not as highly selective
s with a coenzyme/competitive inhibitor/antibodies. This led
o a substantial body of work on the design of biomimetic lig-
nds [12–14]. The structures of biomimetic ligands are designed
y molecular modelling techniques which determine the best fit
etween the affinity ligand and the protein molecule in terms of
omplementary shape and minimum energy of the complex [15].
hile the bulk of the biomimetics ligands are designer dyes, it is

ossible to think of any kind of structure and use this approach.
hage display technology ushered in the next paradigm shift

n obtaining affinity ligands [16]. This technology creates large
ibraries of peptides on the phage surface which are screened for
elective binding to a chosen protein [15]. It became necessary to
dopt and adept high throughput screening methods and automa-
ion. Ribosomal display libraries and oligonucleotide libraries
aptamers) by SELEX are other recent approaches for obtaining
ffinity ligands [17,18]. The use of fusion tags or affinity tags for
xploiting affinity interactions is already adapted in proteomics
nd has been reviewed quite frequently [19,20].

So what is an affinity ligand? It is a molecule which can rec-
gnize the target protein with reasonable selectivity. Its structure
s immaterial. It is also immaterial whether this molecular recog-
ition has any relevance in the in vivo context. The degree of
electivity is governed by the dissociation constant of the affinity
igand-protein complex. For purification/analytical purposes, it
s the relative selectivity which is important. The dissociation
onstant of the complex formed by the affinity ligand and the
hosen protein should be much different (lower) than the cor-
esponding dissociation constants of the complexes which this
ffinity ligand forms with other proteins present in the mixture.
n an affinity chromatography, it is necessary that the bound pro-
ein also be dissociated from the complex. The typical steps in
n affinity chromatography are:

(i) creating an affinity media by linking suitable affinity ligand
to a matrix.

(ii) affinity capture.
iii) separating the affinity complex from rest of the solution.
iv) elution of the desired protein by dissociation of the affinity

complex.

In fact, it is often possible to bring in an additional selec-
ivity step at the elution stage. However, more relevant in the
urrent context is the fact that very low dissociation constants
observed in the case of highly selective ligands) may not be ideal
s it may not be possible to dissociate the affinity complex and
ecover the desired protein. Dissociation constants in the range of
0−8–10−10 M observed with highly specific antigen–antibody

nteractions illustrate this [21]. Elution of the protein in affinity
hromatography based upon antigen–antibody interactions is a
edious process and is dealt with very nicely in an earlier excel-
ent review [22]. In the case of protein/peptide arrays (see later

t
n
c
p

. B 849 (2007) 32–42

iscussion), this restriction does not apply as only the forma-
ion of the affinity complex is monitored. This paves the way
or using highly selective ligands in the design of such arrays.
owever, wherever an affinity-based separation method is used

s a pre-fractionation device, the facile dissociation is a critical
equirement and must be kept in mind while choosing/designing
ffinity ligands.

Finally, affinity chromatography is not the only affinity-based
eparation process. Other affinity-based separation processes,
oth chromatographic and non-chromatographic have been
escribed [23].

. Chromatographic methods in proteomics

Kellner mentioned that developing a multi-dimensional chro-
atography (on the line of 2D gels) may be difficult [24]. The

oncern expressed was that chromatographic steps are run in
serial mode and this would hamper a high throughput for-
at. Contemporary developments show that this view is rather

essimistic. Chromatography is already adapted and available
n high throughput platforms [25]. The multi-dimensional LC
s now a well established tool in proteomics. Shi et al. have
eviewed the role of liquid chromatography in proteomics [26].
he role of reverse phase liquid chromatography coupled with
ass spectrometry has been extensively documented in pro-

eomics literature. Shi et al. mention the promise of “ultra”
igh-pressure capillary RPLC-MS [26]. An exciting approach
alled LC-Fourier transform ion cyclotron resonance MS based
pon the concept of “accurate mass tag” (AMT) has also
een described [26]. This uses identification of the protein
ia a peptide whose mass is measured with extremely high
ccuracy (at 1 ppm level) and obviates the need for tandem
S (MS–MS) approach. The AMT approach was successfully

sed for global analysis of Deinococus radiodurans proteome
27] and is credited with extension of the sensitivity, dynamic
ange, and throughput of conventional LC-based proteomic tools
28,29].

There has been great concern about analysis of low abundance
omponents which are obscured by the presence of protein with
igh abundance [30]. Identifying a biomarker in blood, for exam-
le, is complicated by the high abundance of serum albumin.
epletion techniques are generally used before looking at low

bundance proteins [31,32]. A recent work describes how both
igh and low abundance proteins present in goat serum can be
eparated and even recovered by judicious application of protein
eparation methods [32]. Displacement chromatography (which
tilizes the displacement of the proteins by displacers rather than
ore frequently used elution mode) has a long history [33,34].

t has shown a good promise in enrichment of low abundance
eptides in recombinant human growth hormone [35].

Among the orthogonal (multi-dimensional) chromatographic
echniques in proteomics, RPLC is preceded by ion exchange or
ffinity or size exclusion chromatography [26]. RPLC remains

he second dimension because of its compatibility with MS tech-
iques. Shi et al. mentions an interesting 2D chromatography
alled MudPIT (combination of cation exchange and reverse
hase chromatographies) coupled to MS which could be used to
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ing steps: (i) mix an organic solvent (highly miscible with water)
with crude mixture of proteins (and other suspended impurities)
and a smart affinity macroligand in the presence of salt; (ii)
the organic solvent separates out as an upper phase and aqueous

Fig. 1. Three phase partitioning of Green Fluorescent Protein (GFP). (a) GFP
solution (1 mL) was placed in a quartz cuvette under UV light. (b) 60% wt. v−1

(NH4)2 SO4 and tert-butanol (1:1 vol. v−1) were added. The solution was once
I. Roy et al. / J. Chrom

rofile the entire proteome of S. cervisiae and turned out to be
ore powerful than 2D-PAGE [26].
The isotope-coded affinity tag (ICAT) technique is fairly

ell known in quantitative proteomics [36,37]. At present, it is
imited to the utilization of avidin–biotin-based affinity and ion-
xchange chromatography [38]. It should be possible to extend
his to other formats in coming years.

The review by Mirzaei and Regnier describes an innovative
oncept for using chromatography in proteomics [39]. The out-
ine of this concept is that proteolysis should be followed by
he picking of the peptide containing a specific amino acid like
istidine, cysteine or methionine. As sufficient experience in the
orm of vast literature on peptide separation and modification of
hese amino acids exist, the combined knowledge, as discussed
y these authors, can lead to some interesting resolutions of pep-
ides obtained after proteolysis. The authors have summarized
he successful results in selecting N- or C-terminal peptides or
eptides containing post-translationally modified (PTM) amino
cids.

. Non-chromatographic protein purification processes

It is universally agreed that wherever high resolution is
esired, chromatography scores over any other separation
ethod; it has also been convenient to adapt it to automated

nd high throughput platforms. Nevertheless, a brief discussion
n some emerging non-chromatographic options may be worth-
hile. At least for some of these, it is easy to visualize their

daptation to high throughput format via micro titer plates and
LISA readers.

.1. Affinity precipitation

The design of this process is based upon smart polymers [40].
uch polymers are also called stimuli-sensitive or reversibly
oluble-insoluble polymers [41]. Essentially, such polymers can
issolve in aqueous solution but precipitate out if an appropriate
ondition is changed. This condition can be a change in pH, tem-
erature or ionic strength of the solution. Addition of a chemical
pecie such as Ca2+ or other less common stimuli such as ultra-
onication or microwave irradiation are also applicable. This
nsolubility can be reversed by removing/reversing the stimulus
40]. Such polymers occur in nature (e.g. alginate, chitosan) but
an be synthesized as well [e.g. poly(N-isopropylacrylamide),
ethyl methacrylate polymer]. All such polymers have enough

unctionalities for coupling chemistries to be used for linking
suitable affinity ligand. The resultant smart affinity macroli-

and can form affinity complex with the cognate protein in a
elective fashion in a free solution. More importantly, this affin-
ty complex can be removed from contaminating proteins by
pplying suitable stimulus. The precipitated affinity complex
hen can be dissolved as usual for the recovery of the protein
42]. In many cases, it has been found that such smart polymers

s such show inherent affinity towards various proteins and no
ffinity ligand is needed to be linked for creating smart affin-
ty macroligands [42,43]. Some early results suggest that these
mart polymers can act as pseudochaperonins [44] and affinity
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recipitation can be used for simultaneous purification/refolding
f proteins [45,46].

Is there a relevance of refolding in proteomics? Many proteins
re rather labile in nature and undergo inactivation due to con-
ormational changes. In fact, for protein purification workers,
uch labile proteins pose a special challenge [47]. In the context
f proteomics, it is possible that unfolding/refolding strategies,
specially if these have inbuilt concentration/purification fea-
ures may turn out to be valuable in some cases.

Some recent work combines the concept of fusion tags with
ffinity precipitation [48,49]. In this approach, the fusion tags
lay the role which is played by smart polymers in affinity
recipitation.

.2. Three phase partitioning:

Three phase partitioning (TPP), in fact, was originally
escribed for interfacial precipitation of proteins. TPP has
roved valuable as such for purification of several proteins
50–52] (Fig. 1) as well as for protein refolding [53,54]. As
uch, it lacks selectivity yet has proved adequate for obtaining
rotein preparations of reasonable purity [50,52].

.3. Macro-affinity ligand facilitated three phase
artitioning (MLFTPP)

Three phase partitioning has been around for quite some-
ime but it is only in recent years that its full potential seems to
ave been appreciated [50,55,56]. Its recent version, MLFTPP,
an work with feed containing suspended matter [57] (Fig. 2). Its
legance lies in its simplicity. It essentially consists of the follow-
ore placed under UV-light. (c) After 3 min phase separation has begun. After
0 min, three phases viz. lower aqueous phase, the interfacial precipitate and the
pper layer of tert-butanol are clearly seen. The aqueous phase once fluorescent
s now a clear solution, while the interfacial precipitate containing GFP shows
reen fluorescence.
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ig. 2. MLFTPP of xylanase using eudragit S-100 as the affinity macroligand. X
sing eudragit S-100 as the smart affinity macroligand [51].

hase containing suspended material forms the lower phase; (iii)
he smart affinity macroligand with the bound cognate protein
orms interfacial precipitate. The affinity complex can be disso-
iated just like in any affinity-based separation process and the
ognate protein recovered. MLFTPP can simultaneously con-
entrate and purify proteins [57–59]. It has been shown that
LFTPP can also refold proteins starting with their inactive

orms [45].

.4. Aqueous two phase systems (ATPS)

Aqueous solutions of two polymers (e.g. PEG and dextran) or
polymer and a salt at high ionic strength (PEG and phosphate

olutions) when mixed, form two phases. A mixture of proteins
hen introduced into such ATPS, would partition between two
hases. The suspended matter settles down at the bottom con-
tituting a separate solid phase. The separation of proteins can
e achieved by manipulating the partition coefficient of the pro-
eins by varying the average molecular weights of the polymers,
he ionic strength of the salts or by introducing an affinity ligand
of the cognate protein if the biological function of the protein is
nown) [60]. Such a step maybe especially valuable at a presort-
ng stage in a proteomic study. It was, for example, found that
proteome of E. coli when partitioned in PEG-dye/salt ATPS

esulted in 30% of the protein partitioning in PEG phase con-
aining PEG-dye and 70% remained in the lower salt phase [61].

It should be added that ATPS, which has already been
escribed is yet another non-chromatographic technique. In fact,
oth ATPS and EBC can be made more selective by incorpo-
ating affinity interactions in the process. In ATPS, the affinity
igand can be linked to a phase forming polymer. PEG-dye, as an

xample, has already been mentioned. This approach has many
uccess stories to its credit [62–64]. In another variation, a smart
ffinity macroligand can be incorporated into one of the phases.
he application of the appropriate stimulus allows separation of

m
i
a
c

ase enzyme was purified from the commercial preparation of Aspergillus niger

he affinity complex from rest of the solution and its dissociation
eads to recovery of the protein(s) [65,66].

. Separation methods that can deal directly with
uspensions

Even in traditional enzymology, all the samples with which
urifications are started, are generally suspensions. That is true
f proteomics as well. High speed cold centrifugation and micro-
ltration (using membranes which retain the particles in the size
ange of 0.1–10 �m) are thus the initial steps in protein purifica-
ion/analysis. This is because any packed bed chromatography
tep is compatible with only clear feed. The suspended materi-
ls would cause choking of the column, generate back pressures
nd ultimately stop the flow through the column. There are
hree purification strategies which however can deal directly
ith suspensions. The two of these, namely, ATPS and MLFTPP
as already been discussed. The third one called expanded bed
hromatography is briefly described below.

.1. Expanded bed chromatography (EBC)

Expanded bed chromatography utilizes all the concepts of tra-
itional packed bed chromatography but the bed is in a fluidized
orm. This is achieved by (i) using tailor made chromatographic
edia which forms “stable” fluidized bed, i.e. there is no back-
ixing during the chromatographic process; (ii) this fluidization

s achieved by introducing the feed in upward direction. In
uch a bed, the inter-particle distance is higher (than packed
ed) and the suspended impurities (such as cell debrii) can
ass through the resultant voids [67,68]. While expensive com-

ercial grade chromatographic materials for expanded beds in

on-exchange, hydrophobic interaction and affinity formats are
vailable, it is possible to use less expensive alternatives such as
alcium-alginate or zinc alginate beads [68–70]. EBC combines
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ltration/centrifugation, concentration and purification in a sin-
le step. While there is no work available on its adaptation to a
igh throughput format at present, small fluidized columns have
een used for analytical purposes [71,72]. EBC, while a chro-
atographic approach, has also benefited by using an affinity
edia based upon chromatographic material which can fluidize

67]. Considering that fusion tags like polyhistidine are exten-
ively used in the purification of recombinant proteins as well as
n proteomics [73], it is necessary to mention that fluidized beds
or the immobilized metal affinity chromatography have been
escribed and can be used for recovery of polyhistidine tagged
roteins [74,75].

. Dealing with post-translational modifications

Look at any standard textbook in biochemistry and you would
nd that it mentions 20 amino acids which occur naturally! How-
ver, as early as 1987, the review by Uy and Wold mentioned that
his list actually consists of several hundred amino acids [76].
ll these extra ones arise by post-translational modifications of

he polypeptide. In fact, hydroxy proline, included in the text-
ook list is also a result of post-translational modification. These
TM amino acids do not have a separate codon. This means that

he gene sequence will tell us nothing about the presence of these
TM-amino acids in the polypeptide. It is now well known that

hese PTM (Fig. 3) play an important role in defining confor-
ation, stability and function of these proteins. This is also the

eason why genomics does not have all the answers and is the
hallenge that proteomics has to meet.

A large list of PTM (than the illustrative Fig. 3) is given by
eri and Baumann [77]. To start with, it should be appreci-
ted that many proteomic studies (like everything else in life
ciences) tend to be based upon recombinant systems. In that
ontext, there is a serious concern of expression systems whose
TM patterns are identical to the original organism. Braun and

Fig. 3. Post-translational modification of proteins (P).
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aBaer [78] provide a very pertinent discussion on this and point
ut that insect cells score over other systems like yeast in this
espect as these cells carry out most eukaryotic PTMs more
roperly. Another aspect to be kept in mind is that PTMs can
e transient. This is especially true of regulatory enzymes and
roteins involved in signal transduction. PTMs can also occur
s a result of infection or tissue engineering [77]. So analysis of
TM has to keep these dynamics in mind.

Some analytical approaches for looking at PTMs in the
ontext of proteomics have been discussed at several places
30,39,79]. Understandably, affinity chromatography has played
very useful role here. Lectin affinity chromatography has been
powerful tool for looking at glycoproteins over the years

80,81]. A large number of lectins with a variety of speci-
city in terms of sugars are known [82]. In some cases like

he lectin Concanavalin A, information about the fine details of
ow oligosaccharide structure influences the binding with lectin
s available [83,84]. It may be pertinent to point out that effi-
ient downstream processing strategies now allow purification
f these lectins at a large scale [71,85]. Thus, lectin affinity chro-
atography is a viable technology and constitutes an unlimited

pportunity for analyzing the important PTM of glycosylation.
imilarly, IMAC with Fe3+ charged media had proven its use-
ulness in looking at phosphorylation several years back [86]
nd has been exploited in proteomics [87]. Antibodies specific
o phosphopeptides have also been tried as affinity ligands [88].
owever, both IMAC and antibody-based affinity chromatog-

aphy seem to suffer from nonspecific binding. To overcome
his, introducing an affinity tag at phosphorylation sites has been
ried [89]. Nevertheless, immunoprecipitation or affinity bind-
ng (in solid phase) using anti-phosphotyrosine antibodies and
MAC have given impressive results [79]. What is more, these
pproaches are able to monitor the phosphorylation dynamics of
he cell. The selectivity of IMAC could be improved by a prior
ethylation step (to eliminate acidic but nonphosphorylated

eptides binding to IMAC in a nonspecific fashion). Lambert
t al. also cites the work based upon stable isotopic amino acids
n cell culture (SILAC) strategy which looked at the time course
f tyrosine phosphorylation in HeLa cells as a result of epider-
al growth factor stimulation [79]. SILAC is also based upon

he use of antiphosphotyrosine antibodies. Size exclusion chro-
atography before IMAC and reverse phase chromatography

fter IMAC have been used to improve enrichment and reso-
ution for phosphopeptides. Lambert et al. have also cited the
valuation of graphite powder and TiO2 for binding of phospho-
ylated peptides in a selective manner with good success [79].
n all such cases, it has been necessary to work out elution con-
itions as well since final analysis has been invariably with MS
echniques.

There has been much less work on analyzing other PTMs.
inked enzyme assay and traditional affinity chromatography
ave been used for quantifying N-myristoylation and farnesy-
ation [79]. Mirzaei and Regnier have aptly pointed out that

here are nonenzymatic PTMs as well. Glycation via Maillard
eaction is a key process in diabetic complications and ageing
79]. Similarly, oxidative modifications are implicated in ageing
nd in various disease conditions like arthritis, muscular dystro-
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hy and various neurological disorders. As these modifications
nvariably generates carbonyl groups, textbook chemistry like
erivatization with 2,4-dinitro phenylhydrazine (2,4-DNP) or
iotin hydrazide has proved valuable. The derivatized peptides
ould be separated on RPC coupled to MS–MS system.

Given the vast variety of PTMs, it is obvious that a lot more
eeds to be done in terms of selective separation strategy devel-
pment before this challenge can be effectively met.

.1. Challenges in design of protein arrays

Apart from 2D-PAGE and mass spectrometry, microar-
ays have emerged as a powerful tool in proteomics [90,91].
his is one of those examples where borrowing of a concept

rom genomics has paid dividends. DNA microarrays, based
pon the concept of hybridization of the single stranded DNA
equences arranged as an ordered array on a (chip) surface
ith complementary test sequences enabled development of a
igh throughput technology for genome analysis [92,93]. Two
omplementary DNA strands recognizing each other is, just
nother example of the affinity phenomenon which extends
eyond protein structures. Hence, it follows naturally that pro-
ein microarrays would be designed for proteome analysis. A
ood review of what has been possible is available [90].

As has been mentioned before, for an analytical application
ased upon the concept of affinity, the dissociation of the affinity
omplex is not an issue (it becomes a major issue in prepara-
ive level protein purification; otherwise protein recovered is
ery low). Appreciation of this leads to the understanding of
wo important implications. Firstly, one can work with affin-
ty ligands which have very high binding constants. Secondly,
his also enables one to operate with high selectivity (as the
electivity is based upon binding constants). Hence, it is not
urprising that antibodies have been the most frequently used
ffinity ligands in protein arrays so far [94,95]. One can generate
ntibodies which are highly specific without worrying about the
ow dissociation constants of the resulting affinity complexes.
hage display antibodies provide a robust approach to generate
equences corresponding to variable regions of antibodies [96].
ntibody fragments derived from polyclonal sera or monoclon-

ls have been used in other contexts for quite some time now
97–99]. Application of “naı̈ve” antibodies to screen for antigens
resent in a human foetal brain library has been demonstrated
100]. So there is a good knowledge base. The information and
xperience with generation of antibodies in the context of pro-
eomics was reviewed recently [2]. A subsequent review also
rovides an extensive discussion on screening antibodies on high
hroughput platforms [3].

Looking at the current scene, one gets a distinct feeling that
his approach suffers from the lack of cross-fertilization of the
deas. As has been appreciated elsewhere too, the main drawback
f this approach is in the intrinsic instability of protein reagents
90]. While it is true that as compared to other affinity ligands,

roteins are more fragile, the issue of protein stability and pro-
ein inactivation mechanisms have been very extensively studied
101,102]. Perhaps, more relevant is the vast literature on pro-
ein stabilization which describes a variety of approaches like
. B 849 (2007) 32–42

hemical modification [103,104], immobilization [105], site-
irected mutagenesis [106] and directed evolution [107]. The
ame review also talks of the manipulation of protein activities
y derivatization and the efforts involved in immobilization on
olid chips. This is like rediscovering wheel in the context of a
ew car design! One may have to modify it, but the concept of
he wheel is there. There is an enormous body of work span-
ing the last few decades which has dealt with the issues of
inimizing structural and functional damage to a protein dur-

ng chemical modification and immobilization. This includes the
ontexts in which the intended application is in water [108,109],
queous-organic co-solvent mixtures [110,111], neat organic
olvents [112,113] and ionic liquids [114,115]. Some of the
ooks [105,116] and reviews [111,117] dealing with this are
vailable. For protocols, the reader may profit from looking at
118]. Without intending to belabour the point, Cutler cites a
eference with the year 1999 which “facilitated the immobiliza-
ion of antibodies on the surface via the glycosylated region
297Asp) in the Fc region of the protein.” The approach was
escribed by O’Shannesy and Hoffman in 1987 [119]. Even
n 1992, hydrazide-derivatized supports for this purpose were
ommercially available [120]. Extensive experience with this
pproach have since been gained [121]. The approach is called
riented immobilization and includes the use of biotin and avidin
or streptavidin), oligosaccharide moiety (of the protein) and
ectin interactions and protein A and IgG interactions [121].

Hence, it is worthwhile to provide some information origi-
ating in other areas which may prove to be helpful for workers
n the area of protein array.

For any chemical modification (including protein immobi-
lization), it maybe worthwhile to “protect” the active site by
adding a suitable substrate analog. Of course, this presumes
that some idea regarding the functional aspects of the cognate
protein is available.
The key approaches for immobilization are: noncova-
lent immobilization [108,122], covalent immobilization
[109,123], entrapment [124] and chemical aggregation [125].
Noncovalent immobilization such as ionic binding or adsorp-
tion is the gentlest method. It also generally retains the
maximum activity of the protein. Unfortunately, the resultant
immobilized protein is also prone to slow leaching off the
surface [126]. Bioaffinity immobilization is a special class
of noncovalent immobilization and exploits affinity interac-
tions. It is a promising approach [127,128] and some results in
the context of protein arrays are already available [129,130].
The huge literature on self-assembling layers [131,132] and
the recent work on affinity layers are also worth mentioning
[133,134]. While covalent immobilization invariably affects
the structure and function of the protein, vast options in terms
of coupling chemistry are now available [135]. As Scope
pointed out [136], even with the same affinity ligand but with
a different matrix and/or coupling procedure and/or a spacer,

the selectivity of the immobilized affinity ligand may change
in a critical fashion. Entrapment, because of mass transfer
constraints is generally not suited for immobilizing an affinity
ligand. Chemical aggregation [125] as a protein immobiliza-
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tion approach has recently given rise to biocatalyst designs
such as CLEA and CLEC [137–140]. Both immobilization
approaches have shown usefulness in the area of biosensors
[141–143] and this experience may be useful while designing
protein arrays.
In general, affinity arrays form a part of the area of biosen-
sors [144,145]. The latter area has been largely dominated by
protein immobilized by covalent methods [145]. It may be
highly instructive to refer to the results reported on Surface
plasmon resonance (SPR) by multiple users [146,147]. The
reliability of Surface plasmon resonance assays was evalu-
ated by different participating laboratories. While each lab
used the same protocol, the coupling reagents were from sep-
arate individual labs. In both reports [146,147], this led to
large variations both in the amounts of immobilized protein
and the extent to which the immobilized protein molecules
retained their activity. However, it did not affect the quality of
kinetic data obtained both for small molecule/enzyme [146]
or high affinity antibody-antigen interaction [147].
A considerable amount of research activity has been initi-
ated in the area of bionanofabrication [148]. The technologies
in this area encompass biological micro-electromechanical
systems (bioMEMs) and microfluids [148,149]. The work
of Cabodi et al. is viewed as an alternative to other con-
ventional separation methods by size but utilizes nanoscale
physical phenomenon of entropic force [150]. The work of
Hess and Bachand with motor proteins on the other hand
deals with engineering proteins for compatibility with artifi-
cial interfaces and creating novel ways to link such proteins
on nanomaterials [151].

Some of the challenges mentioned by Cutler in the area of
rotein arrays are worth emphasizing [90]. In general, affinity
igands do not distinguish between isoforms of a protein. So pro-
ein arrays would not be successful in distinguishing populations
f various protein isoforms. The second issue is of the dynamic
ature and larger range of protein expression levels. It has been
uggested that antibodies of different affinities may be used.
hirdly, the nonspecific binding as well as cross-reactivities is
major complication which is amplified in proteomics in view
f the highly complex systems involved. So far antibodies have
een mostly used in protein arrays for many successful applica-
ions [91]. Peptide arrays wherein peptides act as affinity ligands
ave also been successfully used for epitope mapping, detection
f pathogen infections, monitoring signal transduction, enzyme
rofiling and identifying ligands involved in cell adhesion [91].

A peptide/protein array using a supramolecular hydrogel has
lso been described a few years ago [152]. This shows how
ntrapment can work as an approach for anchoring the affinity
igand. Also, the presence of sufficient water in the hydrogel is
elieved to be conducive to maintaining the native structure of
he protein.

The stage of detection of the molecular recognition is equally

mportant. Cretich et al. classify the detection strategies into
abel-free and labelled probe methods [91]. The former strat-
gy includes atomic force microscopy (AFM), MEMS and
uartz crystal microbalance (QCM). The latter comprise of flu-

o
o
p
F

. B 849 (2007) 32–42 39

rescence, chemiluminescence, elastochemiluminescence and
adioactivity measurements.

A recent review advocates the use of biomimetic ligands as
ffinity ligands in proteomics [153]. It describes small molecular
eight with the structure based upon the triazine-scaffold which

an recognize a variety of protein molecules. It is not unlikely
hat in future, we will see arrays based upon such and other kinds
f affinity ligands.

. Conclusion

The diverse research activities classified under the umbrella
f proteomic studies, are united by a common set of tools A
roteome being too complex, needs to be fractionated to get any
eaningful picture. For both fractionation and final analytical

tages, enzymology, protein chemistry and what is sometime
alled applied biocatalysis have much to offer to proteomics.
o be fair, some of that knowledge and skills belonging to

hese older areas is already being fast adapted. Hopefully, this
eview would accelerate this adaptation by crossfertilization
cross various disciplines. This need for crossfertilization can-
ot be overemphasized. Firstly the workers as peer reviewers
n proteomics need to be familiar with enzymology especially
he bioseparation area. A recent work published in a proteomics
ournal rediscovered TPP and called it NATP [154]. This is in
pite of the fact that TPP is known since 1987 [155] and not less
han 30 papers on role of TPP in separation and fractionation
re available [50,63,64]. In the area of protein separation, for
xample, no new unit process except expanded bed chromatog-
aphy has been discovered in the last several decades. Even in
hat narrower area, the advancements have come by innovation.
rotein purification is achieved either by electrophoretic or non-
lectrophoretic methods. Among the latter are chromatographic
nd non-chromatographic methods. This review has mentioned
ome precipitation and partition methods as examples of the
atter kind. Membrane-based separation technique [156,157] is
nother powerful tool in enzymology which does not seem to
ave been adapted. From the viewpoint of workflow automa-
ion, membrane-based separations would fit in very well. As
large number of membranes for ultrafiltration [156], nanofil-

ration [158] and affinity membranes [159,160] are available,
his may have a good potential in proteomics. From analyti-
al perspective, enzyme analysis in nonaqueous media is more
r less an unexplored territory [161,162]. There is a lot which
s happening in the area like biosensors and protein refolding
163–166]. It is very likely that this may become quite relevant to
roteomics.
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