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Abstract

Miniaturized protein arrays address protein interactions with various types of molecules in a high-throughput and multiplexed fashion.
ibility of
ecificity of
ction and
supports
networks

tive tools
This review focuses on achievements in the analysis of protein–DNA and protein–protein interactions. The technological feas
protein arrays depends on the different factors that enable the arrayed proteins to recognize molecular partners and on the sp
the interactions involved. Proteome-scale studies of molecular interactions require high-throughput approaches for both the produ
purification of functionally active proteins. Various solutions have been proposed to avoid non-specific protein interactions on array
and to monitor low-abundance molecules. The data accumulated indicate that this emerging technology is perfectly suited to resolve
of protein interactions involved in complex physiological and pathological phenomena in different organisms and to develop sensi
for biomedical applications.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Basic and applied post-genomic research requires high-
throughput tools to elucidate the myriad of molecular interac-
tions involved in complex cellular processes. Computational
treatment of the massive amount of genomic information en-
ables the properties of open reading frames (ORFs) and pro-
tein interactions to be predicted [1]. However, the necessity
to validate the virtual data by experimental proof, to find an-
swers for functions of unknown proteins and to establish pro-
tein interaction maps has stimulated the development of new
technologies. It is clear that only complementary approaches
will guarantee success when putting the acquired knowledge
into practice. During the last decade, various technologies
have been adopted for proteome-scale investigations. A great
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tion and translation, metabolic and signal transduction path-
ways, differentiation and development. Therefore, the eluci-
dation of protein–DNA and protein–protein interactions is a
clue both for understanding the nature of physiological and
pathological processes in a whole organism and for creating
new tools for basic and applied research. In this review, I
present the achievements in the high-throughput production
of functional recombinant proteins, the fabrication of protein
arrays and the detection of protein–DNA and protein–protein
interactions. I focus on the approaches that enable biologi-
cally active proteins to be obtained and the factors limiting
the detection of specific molecular interactions to be overrid-
den. These are the two crucial conditions for the development
of protein array-based applications.
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pots composed of various biological materials.

Protein arrays have emerged as a transition from geno
o proteomics to study protein interactions with differ
ypes of molecular partner (Fig. 1). The advantages of th
echnology are based on its capacity to characterize a
umber of ordered protein spots simultaneously, thus re

ng numerous individual binding reactions by a single
nd to monitor binding parameters in parallel assays
ifferent probes [5]. Ordered protein spots can be arra

n planar macroarray or microarray formats, reflecting
elative size and number of spots per square centime
e studied; macroarrays are suited to the study of doze
roteins whereas microarrays are suitable for the large-
nalysis of proteomes[6,7]. The success achieved in the an
sis of theSaccharomyces cerevisiaeproteome emphasiz
he realistic possibilities of this technology to manipula
ulk quantity of proteins [8].

The association of proteins with each other and with D
eads to the formation of enzymatic and regulatory compl
hat govern fundamental cellular processes such as tran
effort has been made in the large-scale 3D structural analy-
sis of prokaryotic and eukaryotic proteins. This is seen as the
best way to perform the structure-based assignment of protein
functions and predict protein contacts with other molecules
[2]. A high-throughput two-hybrid methodology, along with
mass spectroscopy, has been largely exploited for the con-
struction of the protein interaction maps of several organisms
[3,4]. The emergence of array technology has been a logical
consequence of this formidable scientific challenge to under-
stand genome and proteome behavior in a whole unicellu-

2. High-throughput protein production

Considering that the number of sequenced prokaryotic
eukaryotic genomes is continually increasing, one would
pect that high-throughput protein production is indispen
able for proteome-scale investigations of molecular inter
tions. Achievement of this goal depends on both the efficie
and the cost of the protein-producing methods. Neither
tibody production nor peptide synthesis is discussed in
s
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review (for recent reviews see[9,10]). Below, I present the
approaches providing high-throughput protein synthesi
cellular and cell-free systems.

2.1. DNA cloning

High-throughput protein production in cells requir
rapid DNA cloning and gene expression in proka
otic and eukaryotic hosts. Gene cloning from sequen
prokaryotic genomes is rather simple to perform wher
cloning eukaryotic genes usually needs the creation
cDNA molecules. Comprehensive cDNA collections
eukaryotic genomes are currently available at sev
centers worldwide (http://www.ncbi.nlm.nih.gov/ncigap/,
http://kazysa.or.jp/huge/). The cloned genes from cDNA co
lections can be expressed in certain host organisms o
coding sequences can be transferred into more suitable
cloning systems by ligase-dependent and ligase-indepen
cloning (LIC) methods.

Traditional ligase-dependent DNA cloning involves t
covalent connection of restriction endonuclease-gener

http://www.ncbi.nlm.nih.gov/ncigap/
http://kazysa.or.jp/huge/
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Fig. 1. Diversity of multiplexed and high-throughput protein arrays. The arrays can also be fabricated with monoclonal antibodies and chemically synthesized
peptides. The figure shows an example of planar protein arrays and the fluorescent detection. The technology is applicable to study interactions with various
types of molecules.

or PCR-amplified fragments to specialized expression vec-
tors with polynucleotide ligase, followed by the selection of
recombinant clones in appropriate hosts. The LIC methods
eliminate the use of restriction endonuclease digestion and
ligation of PCR products, thereby increasing the probabil-
ity of successfully joining DNA molecules, simplifying gene
insertion into a suitable vector and accelerating the DNA
cloning steps in cells.

One of the first LIC methods demonstrated that 12-
nucleotide overlaps in the target and vector PCR-amplified
DNAs, generated by 3′ > 5′ exonuclease activity of T4 DNA
polymerase, provide sufficiently strong annealing of com-
plementary single strands [11]. Consequently, recombinant
molecules can be selected in transformedEscherichia coli
cells in which the cellular ligase catalyzes the phospho-diester
links between the insert and vector DNAs. The method was
later modified and several specialized vectors have since
been constructed, which provide more efficient DNA cloning
[12–14]. It is worth mentioning that, with the introduction of a

two-step PCR-based overlap extension method without liga-
tion, gene expression from a desired transcription–translation
signal became a simple and a versatile procedure
[15,16].

DNA topoisomerase fromVacciniavirus was found to be
able to join DNA molecules in vitro in 5 min, a great advan-
tage over the DNA-ligase catalyzed reaction [17]. Several
well-known Topo vectors have been constructed for cloning
blunt-end and cohesive-end generated DNA fragments using
the topoisomerase activity (http://www.invitrogen.com).

Other LIC methods exploit in vitro or in vivo site-specific
exchange between target and vector DNAs via recombina-
tion. The Cre-lox site-specific recombination system cat-
alyzes in vitro fusion of the plasmid DNA carrying the target
gene to another vector containing convenient expression and
regulatory elements [18]. The popular Gateway system uses
phage� Int-Xis-IHF site-specific-mediated recombination,
allowing the exchange of DNA regions flanked by recombi-
nation sites between two parental molecules [19].

http://www.invitrogen.com/
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However, the simplest means to generate exchange be-
tween DNAs is in vivo recombination between homologous
sequences that can be detected by co-transformation of two
linear DNA molecules and selection of recombinant clones
in E. coli cells[20,21]. In this way, recombinant DNAs have
also been selected in theS. cerevisiaehost that possess a
higher recombination frequency between homologous seg-
ments of linearized DNAs[22,23]. Recently, this method ap-
pears to have received a new impetus with regard to pro-
viding high-throughput DNA cloning to various sequenced
genomes, as demonstrated by the successful cloning of almost
93% of ORFs from a pathogenic bacterium,Campylobacter
jejuni [24]. Indeed, 20 bp tags created by PCR at the ex-
tremities of different linear DNA fragments are sufficient to
assure efficient recombination with the homologous extremi-
ties of the vector DNA digested by two restriction endonucle-
ases (digestion by two different enzymes eliminates the self-
circularization of the vector DNA). After co-transformation
of E. coli, almost 70% of antibiotic-resistant clones acquired
the expected recombinant DNAs with cloned genes varying
in size between 93 and 4020 bp. Western-blot analysis of to-
tal protein samples from recombinant clones confirmed that
the majority of genes are expressed as fusion proteins, sug-
gesting their usefulness for comprehensive functional studies
[24].
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protein, GFP. Such a GFP-tag can be used as an indicator of
protein folding, and fused proteins with high and low sol-
ubility can be identified by the fluorescence intensity of re-
combinant clones. This method has been used to characterize
putative proteins encoded by random mouse cDNA fragments
cloned inE. coli [34].

In spite of the absence of a universal affinity purifica-
tion method and the difficulty of obtaining soluble proteins,
remarkable results have been obtained in the simultaneous
production of many proteins for structural and functional in-
vestigations. In fact, the requirement of milligram quanti-
ties of proteins for structural studies has stimulated the cre-
ation of high-throughput pipelines with the goal of resolv-
ing three-dimensional structures of representatives of all pro-
tein families with all possible folds. Non-membrane proteins
of a thermophilic archaeon,Methanobacterium thermoau-
totrophicum, have been expressed inE. coli cells and 20%
of 424 His-tagged purified samples were suitable candidates
for NMR spectroscopic and X-ray crystallographic studies
[35]. Almost 73% of ORFs have been cloned from a hy-
perthermophilic bacteriumThermotoga maritima(contains
1877 putative genes) and expressed in fusion to the affin-
ity purification MGSDKHis6-tag at the N-terminus of pro-
teins inE. coli cells [36]. The presence of six initial amino
acids provided greater and more homogeneous expression
o on
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.2. Affinity purification and solubility of proteins

The purification of large sets of proteins should as
he maintenance of their three-dimensional conformatio
his is a crucial condition to display both biological ac
ty and recognition of molecular partners. The conver
f aggregated proteins into properly folded and biologic
ctive molecules [25] appears not to be a convenient

hroughput approach because of the cost and uncertai
he expected results. State-of-the-art protein producti
ased on affinity purification, which can be performed
ingle step thereby accelerating the rate-limiting steps of
ein purification by classical procedures. Moreover, affi
urification conditions can be standardized to provide th
urate purification of many representatives of different f
lies of proteins.

Affinity binding to selected compounds can be achie
y relevant tags created at the N- or C-terminus of target

eins. The most popular affinity purification tags, His (usu
ix histidine residues) and glutathione-S-transferase (GST
ind to Ni-NTA agarose [26] and glutathione agarose [
espectively. The GST-tag can improve the solubility of fu
roteins, whereas some other tags can provoke the conv
f soluble proteins into insoluble molecules[28,29]. Cer-

ain proteins fused to the purification tags can be improp
olded, making the respective amino acid residues inacc
le for affinity binding[30,31].

Waldo and co-workers[32,33] suggested assessing so
le proteins with unknown functional assignments thro

he fusion of the corresponding ORFs to green fluores
f recombinant proteins without any significant influence
roper protein folding. Forty percent of the proteins te
ere found to be soluble and 432 proteins were succes
rystallized, including some large proteins of 100 kDa (5

elative molecular mass).
Braun et al. [37] have performed a systematic study o

fficiency of high-throughput purification of human fus
roteins fromE. coli under denaturing and non-denatur
onditions. Thirty-two full-length genes, coding prote
ith a molecular weight range of 16–150 kDa, have b

ndividually expressed in fusion to four affinity purificati
ags. Comparative analysis showed that a small His-tag

4 kDa calmodulin-binding peptide (CBP-tag) were us
o purify only a few proteins under non-denaturing co
ions whereas larger tags, a 42 kDa maltose-binding pr
MBP) and a 26 kDa GST, provided purification of more p
eins, with a purity in the range of 30–70%. Many impuri
esulted from the degradation of recombinant proteins; G
agged proteins were found to be most prone to degrad
he purified GST- and MBP-tagged proteins were functio
s determined by kinase activation or kinase inhibition
ith corresponding candidates. Furthermore, 204 full-le
roteins out of 336 random cDNAs have been express

usion to a His-tag and purified under denaturing conditi
emarkably, 192 GST-tagged proteins from this list of

usion samples have also been successfully purified u
on-denaturing conditions.

The expression of human proteins in fusion to seven
erent N-terminal tags inE. coli has been studied by Ham
arstr̈om et al. [29]. Regarding the expression and the s
ility of 26 tested small proteins (up to 19.5 kDa), a 13 k
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thioredoxin, a 17 kDa double Z-domain fromStaphylococ-
cus aureusprotein A, a 7.5 kDa Gb1 domain ofStreptococ-
cusprotein G and MBP were found to be the best tags. Only
5.4% of the 86 selected His-fusion proteins, ranging from
10 to 110 kDa, were found soluble as compared to 24% of
fusions to the MBP-tag [38]. Studying another 40 proteins
from yeast, mammals, plants and insects confirms that pro-
teins ranging from 9 to 100 kDa and purified in fusion to
GST, and especially to MBP or NusA tags, display greater
solubility [14].

These data emphasize thatE. coli is still the best-exploited
host system for the expression of recombinant proteins. How-
ever, its usefulness is limited to eukaryotic proteins, which do
not require post-translational modifications for their biologi-
cal activity. Besides, many multi-domain eukaryotic proteins
appear not to fold correctly in the bacterial cytoplasmic envi-
ronment because of differences in the coupling of translation
and folding in eukaryotic and bacterial cells[39,40]. These
barriers can be overcome by using eukaryotic cell hosts, as
shown by the expression of 5800 ORFs ofS. cerevisiaein a
homologous host [41]. The proteins were fused to the tandem
of GST- and His-tags, the first providing better solubility for
target proteins and the second providing affinity binding to the
Ni-coated glass surface for the preparation of protein arrays.
In addition, both tags are suitable for affinity purification of
p dies.
O [42]
a
d put
p

s fu-
s
s pro-
t 44].
D im-
p ins
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m eins
f and
t sed
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t es the
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t
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a ar-
c non-
d tags
a e in-
s fused
p pu-
r lso
a sup-

plementary treatment of the proteins is needed to eliminate
the tags and obtain biologically active molecules. Such a strat-
egy appears to be unsuitable for massive protein purification.
On the contrary, the development of small, efficient affinity
peptide tags or alternative purification approaches might help
to solve the problem and provide soluble eukaryotic proteins.

2.3. Cell-free protein synthesis

Proteins can also be synthesized in a cell-free system (a
coupled in vitro transcription and translation system), first
developed by De Vries and Zubay [49] withE. coli extracts
known as S30 extracts. Intracellular metabolism, and espe-
cially membrane-related functions (respiration and transfer)
of cells, are sensitive to the elevated concentrations of unusual
heterologous proteins, which can result in the arrest of cellu-
lar growth. On the contrary, being devoid of the cytoplasmic
membrane, the cell-free system is open and tolerant to over-
expressed “toxic” proteins. Cell-free protein synthesis can be
performed on both circular and linear DNA templates; it does
not involve DNA cloning steps in cells and is therefore less
time-consuming. Moreover, linear DNA templates are suit-
able to assess rapidly the effect of terminal tags on the protein
function (Fernholz, personal communication). The short du-
ration of synthesis and the reaction conditions are unfavorable
f tly, a
r ins
c teins
w and
t more
s tial for
b

for
t pro-
t nd
G NA
t
[ rther
p ate
w ag-
n ob-
t uan-
t suf-
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m

or-
g sed in
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2
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roteins and detection by corresponding anti-tag antibo
ther eukaryotic systems based on mammalian cells
nd baculovirus ([43],http://www.protometric.com) are in
evelopment with the aim of using them for high-through
roduction of human proteins.

A comparison of purified human proteins expressed a
ions to a tandem of N-terminal His- and GST-tags inE. coli
howed that both tags provide a similar purity but the
ein yield is higher in some cases on Ni-NTA agarose [
ouble tags fused to both extremities of target proteins
rove purification by the elimination of non-specific prote
nd by decreasing the yield of truncated derivatives. T
ore than 90% purity was reached for eukaryotic prot

used simultaneously to the N-terminal GST- or MBP-tag
he C-terminal His-tag when two affinity columns were u
14]. Similarly, human proteins fused to the N-terminal H
ag and the C-terminal Strep-tag (the peptide possess
ffinity for streptavidin) and expressed inS. cerevisiae[45] or
ichia pastoris[46], or fused to the N-terminal GST-tag a

he C-terminal Strep-tag and expressed inE. coli [47], have
een purified with greater efficiency using the advantag

he two tags consecutively.
The data accumulated show that the small His-tag is

ble for the purification of recombinant bacterial and
haeal proteins, rather than for eukaryotic proteins under
enaturing conditions. In this context, the GST and MBP
re better suited to purify human proteins. However, th
ertion of large tags increases the molecular masses of
roteins and thereby decreases the efficiency of affinity
ification [35,37,48]. Large tags, in particular MBP, can a
ffect the binding properties of target proteins so that a
or protein aggregation in cell-free systems. Consequen
elatively high proportion of soluble recombinant prote
an be produced. The yield of cell-free synthesized pro
as significantly increased by using strong transcription

ranslation signals for gene expression and by supplying
uitable ATP-generating sources and compounds essen
iosynthesis[50–53].

We have used anE. coli-based cell-free batch system
he synthesis of 14 ORFs coding for putative regulatory
eins of the XylR (six proteins), LacI (five proteins) a
ntR (three proteins) families using PCR-amplified D

emplates from a hyperthermophilic bacteriumT. maritima
54]. The heat treatment of the reaction products and fu
urification of N-terminal His-tagged proteins in micropl
ells coated with Ni-NTA or containing corresponding m
etic beads allowed high-purity soluble proteins to be

ained with molecular masses from 14 to 43 kDa. The q
ity of proteins synthesized under batch conditions was
cient to test the binding to DNA by gel-mobility shift a
acroarray methods.
Twenty-four proteins from several mesophilic micro

anisms have also been fused to the His-tag and expres
nE. coli cell-free system using circular plasmid DNA te
lates [55]. No difference was observed in the synthes
1 out of 24 proteins of 11.7–44.6 kDa at 25 and 30◦C. Col-
rimetric detection of soluble non-purified proteins by d
lot using anti-His monoclonal antibody indicated that
-terminal His-tag appears to decrease the protein solu
s compared to the N-terminal tag. However, more exte
xperiments showed that the C-terminal His-tag is bette
rotein solubility (Fernholz, personal communication).

http://www.protometric.com/
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Eukaryotic cell-free protein synthesis systems have also
been developed using extracts of reticulocytes and wheat
germs[56,57]. The elimination of endogenous translation
inhibitors and traces of ribonucleases, deoxyribonucleases
and proteases in wheat embryos [58] and the optimization
of the 5′- and 3′-untranslated regions, along with the stabi-
lization of mRNA templates[59,60], allowed an improved
in vitro process to be proposed, providing the synthesis of
eukaryotic proteins from PCR-amplified DNAs. In fact, be-
tween 0.1 and 2.3 mg/ml of 50Arabidopsis thalianaproteins
ranging from 11.3 to 82.5 kDa were synthesized in 36 h by
this cell-free system [59]. The presence of an N-terminal
GST-tag increased the solubility of certain proteins consid-
ered as insoluble without this tag. Four of the five tested
kinase proteins possessed autophosphorylation activity,
suggesting that their kinase domains were folded into active
forms.

In parallel with batch synthesis, more productive continu-
ous flow cell-free translation systems have been developed in
which the compounds necessary for synthesis are supplied to
the reaction chamber through a semi-permeable membrane
[61–64].

2.4. Automation of protein production

LIC methods, cellular and cell-free protein synthesis and
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viding good quality spots, a low background, simplicity of
manipulation and compatibility with detection systems. In
binding reactions on microspot-formats, the capture proteins
are covalently or non-covalently immobilized on a planar
surface whereas the molecular partner(s) is in a solution (see
Fig. 1). Alternative supports and formats have been devel-
oped, which ensure the arrayed proteins are closer to their
native state.

3.1. Oriented immobilization

The glass slide is an inert and mechanically stable support,
which requires a chemical coating to make it functional. The
chemistry of immobilizing target proteins on a glass slide is
based on either the non-covalent binding of proteins or cova-
lent bonding between amino acids or carbohydrates attached
to the proteins and the functional groups of chemical agents
previously fixed on the slide. A comprehensive list of glass
slide surfaces chemically modified for the immobilization of
proteins has been recently presented elsewhere [68].

The direct and random immobilization of proteins on a
solid phase limits their number, causes their denaturation and,
consequently, reduces the specificity of the molecular interac-
tions [69]. Polyethylene glycol (PEG) can form a monolayer
that reduces non-specific attachment of proteins on a solid
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ffinity tag purification of proteins are amenable to auto
ion, which should improve the efficiency and reduce
otal cost of the high-throughput analysis of proteins.
eed, 96-well formats have been successfully employ
lone many target genes simultaneously, to produce re
inant plasmids, to purify proteins by affinity chromatog
hy and to study protein solubility and enzymatic acti

2,34,36,44,47,55,65,66].
An active human single-chain anti-progesterone VH/K

ragment fused via a flexible linker to the C-terminal H
ag has been synthesized in 96-microplate wells, using
it reticulocyte lysates, and immobilized from extracts
Ni-NTA coated surface in the same wells [67]. Furth
ore, a highly productive continuous flow cell-free s

em, known as rapid translation system (RTS), suppo
y ProteoExpert software to optimize protein expres
as been commercialized. It provides the simultaneous

hesis of prokaryotic and eukaryotic proteins in 48 sm
ndependent semi-permeable bioreactors of 50�l volume
http://www.biochen.roche.com).

Taking into consideration the advantages of cell-free
ein synthesis, it is expected to become a powerful mean
igh-throughput production of biologically active prote

hat can be perfectly integrated into the fabrication of pro
rrays.

. Supports for arraying proteins

Miniaturized protein arrays are fabricated on supp
hich must satisfy strict requirements. These include
hase [70]. Therefore, poly-l-lysine- or epoxy-grafted PE
lides prevent direct contact between the proteins in sol
nd the glass surface thus decreasing the background[71,72].

A more effective strategy is the oriented immobilizatio
arget proteins, which enables a considerably greater qua
nd thus more functional capture proteins, to be depo
s a result, a proportionally larger number of molecular p
ers in the liquid samples analyzed can be captured a
emonstrated by immobilization of antibodies through t
arbohydrate groups on a solid phase[73,74]. Cross-linker
an also be used to improve both the immobilization of a
odies on the surface of the glass slide and their orient

owards the antigens in solution. The insertion, betwee
ntibodies and the support, of a (CH2)n radical (single or ex

ended by other radicals) with ends that bind to the am
r thiol groups of the antibodies, can facilitate the ac
f antigens to captures [75]. This approach gives the
erformance on glass slides derivatized with 2.5% epo

ane. When the immobilization of differentially biotinylat
mmunoglobulins IgG or Fab fragments on a layer of st
avidin were compared, the ability of oriented antibodie
apture analytes was found to be 5–10 times higher tha
f non-oriented molecules [76]. Biotinylated antibodies
eptides were also immobilized on an oriented strepta
onolayer self-assembled onto a gold film [77].
Biotinylation of other proteins is less specific when co

ared to antibodies. However, this drawback was overc
y using an in vivo intein-mediated expression system to
rate a C-terminal intein-tag with a chitin-binding dom

78,79]. The fused protein was purified on a chitin column
ffinity. Then the column was flushed with biotinylated c
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teine and the C-terminally biotinylated protein, after sponta-
neous liberation from the intein-tag, could be site-specifically
attached to avidin-functionalized glass slides. A more general
principle is the affinity immobilization of proteins containing
the His-tag on a glass surface coated by nickel [8] or the GST-
tag on glutathione-derivatized glass slides [80]. This simple
approach appears to be particularly suitable for the immo-
bilization of proteins from organisms whose genomes have
been sequenced because affinity tags can easily be introduced
by PCR upstream or downstream of coding regions.

3.2. Hydrogel

Another technique that can increase the efficiency of pro-
tein immobilization consists of covering the glass slide with
a layer of a polymer, such as polyacrylamide, agarose or
gelatin, which provides a porous structure. A film of gel,
which is 70–95% water, ensures that the three-dimensional
structure of the immobilized proteins is maintained and
their accessibility is favored without them having to be ori-
ented [81]. Moreover, the low threshold of fluorescence of
this type of support leads to a greater sensitivity of de-
tection. The proteins can be placed in solution with poly-
acrylamide and co-polymerized by UV irradiation [82]
or spotted directly onto a layer of commercial hydrogel
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Proteins are usually purified before being deposited. How-
ever, porous supports, like nitrocellulose membranes or hy-
drogel, are equally compatible with crude cell extracts con-
taining non-purified overexpressed proteins[82,87].

3.4. Other supports and micro-formats

A chemically modified surface of conventional microplate
wells has been used to fabricate protein microarrays. Sev-
eral geometric configurations of up to 48 spots per well
have been proposed. Such a double microplate–microspot
approach appears to have an advantage in terms of per-
forming high-throughput analysis in individual chambers
[88,89]. Alternatively, microfluidic chips have been devel-
oped for multiple enzymatic and binding reactions[90,91].
The surface plasmon resonance (SPR) sensing technique en-
ables the equilibrium binding constants of molecular interac-
tions to be measured in real time without the need for la-
beled probes [92]. This measurement is now possible for
400 individual spots simultaneously, which increases the
value of SPR for the high-throughput screening of molecules
(http://www.applied.biosystemes.com).

In order to avoid dehydration and denaturation of pro-
teins, binding reactions can be carried out between non-
immobilized free capture proteins and analytes in small in-
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http://www.perkin.elmer.com). The immobilized enzyme
etain almost 70% of their activity.

The supramolecular hydrogels that possess amphip
haracteristics have been recently developed for sem
rotein microarrays [83]. They contain aqueous pockets
ted in the gel matrix where enzymatic reactions can o
nd hydrophobic spaces to trap the fluorescent produc

eased during the reactions. These supports thus app
e promising for the direct monitoring of enzymes and
creening of their substrates and inhibitors.

.3. Nitrocellulose membrane

The nitrocellulose membrane is suitable for the imm
ization of different proteins and is easy to manipulate
as therefore been successfully applied to the fabric
f protein arrays and to studies of various molecular in
ctions[6,84]. Although hydrophobic interactions are g
rally considered as responsible for the immobilizatio
roteins, the actual forces involved in their binding are
et known. Due to its microporous surface, nitrocellul
s able to retain a greater number of capture proteins

planar surface of aldehyde-derivatized glass slides
oreover, its porosity contains, under appropriate co

ions, aqueous microspaces that allow proteins to mai
heir active configuration. As the half-life of the immobiliz
roteins is longer, this type of array can be used for
ral months. In addition, the new nitrocellulose membra
f the FAST-slides type, have a higher signal-to-noise
hich markedly improves detection by fluorescence ([
ttp://www.schleicher.schuell.com).
ividual chambers. Such microwells have been succes
sed to detect the kinase activity of many putative yeast

eins [41]. A better performance of enzymatic reactions
e achieved in small nanowells developed in recent y

93,94]. Moreover, an active�-galactosidase has been s
hesized in a bacterial cell-free system in a volume of 0.�l,
ufficient for many enzymatic measurements [95]. Th
ore, nanowell-based arrays will be useful to identify
lytic functions promoted by non-immobilized proteins s

hesized in vitro in the same wells.
The majority of membrane proteins, which possess

icular folds, require a bi-lipid environment to display a
logical function. Consequently, the array method has
uccessfully employed to detect interactions of recomb
ABA receptors with a small carbohydrate by immobili

ion of a neuronal membrane fraction on nitrocellulose [
emarkably, artificial bi-lipid layers have been develope
icroplates coated by an amine-presenting surface th

ows both the three-dimensional structure and the bin
apacity of the arrayed G-protein-coupled receptor pro
o be conserved [97].

This diversity of supports and formats widens the po
ial use of array-based methodology to study interaction
ifferent families of proteins. The high quality of planar s
orts, which are the most suitable for simultaneously scr

ng molecules, contributes significantly to the binding sp
city to both small ligands and large macromolecules
er appropriate conditions. Further development of sup
ith improved characteristics will provide biological activ
f unstable proteins and those requiring particular com
ents on a minute area.
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http://www.schleicher.schuell.com/
http://www.applied.biosystemes.com/
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4. Detection of signal

Several detection methods have been developed to moni-
tor signals with protein arrays using labeled and non-labeled
molecular probes. Three of them, being the most sensitive, are
widely exploited to study interactions of proteins arrayed on
planar surfaces. Radioactive detection requires fewer bind-
ing/washing steps but the spot resolution is relatively low
(>300�m) and the technique is demanding in terms of staff
protection. Chemiluminescence detection is limited in per-
formance because of signal instability. Stable fluorescent
signals of different wavelengths, which depend on the ab-
sorption and emission of photons by a given fluorophore
and its ability to undergo numerous excitation–emission
cycles, are better suited for detection on the minute area
of spots. Moreover, they can be used to monitor differ-
ent functions simultaneously in two-color binding experi-
ments.

4.1. Protein labeling by cell-free synthesis

In fluorescence detection, protein labeling is carried out
by bioconjugation, i.e. by covalent coupling of mono- or
bifunctional groups of fluorescent dyes to primary amines
of the N-terminus or other active groups in some amino
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Thus, there is a great opportunity for array technology to
acquire uniformly labeled and correctly folded proteins for
probing protein–protein interactions.

4.2. Enhancing signals from microspots

Protein microspots on a planar support provide higher
sensitivity for the detection of interactions with molecular
partners as compared to other binding-format assays. The
theoretical basis of miniaturized ligand binding assays
has been developed by Ekins and coworkers[105–107].
Assuming that no dissociation and rebinding takes place
under standardized conditions, the detected total signal
on microspots reflects the number of molecules bound by
capture proteins. However, if the surface density is identical
in a minute area, then the spot of a smaller diameter provides
a stronger signal than that of a larger diameter.

In practice, the signal detection from spots is limited by the
number of capture proteins: below a critical threshold, current
methods fail to detect bound molecules. Since the sensitivity
of the detection depends on the surface density of functional
capture molecules, the orientated immobilization of proteins
on derivized glass surfaces increases the total protein surface
exposed to the interactions and thereby enables the detection
of a lower number of capture proteins[8,75,76]. A greater
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cids (usually an�-NH2 group of lysine). Amine-reactiv
yes are used to label proteins, oligonucleotides and
iomolecules, whereas thiol-reactive dyes are used t
el selectively cysteine residues in proteins. A drawbac

hese molecular probes is that the dyes conjugated rand
o amino acids can induce topological changes in the
ein structure that might affect the recognition of molec
artners. A common way to avoid this inconvenience
pply the “sandwich principle” for the detection of bou
olecules via a supplementary binding step of the analy
primary antibody that is recognized by a labeled secon
ntibody. However, cell-free protein synthesis opens
ew possibility of introducing a single fluorescent molec
recisely into the N- or C-terminal position of a giv
rotein.

One of these methods uses low concentration
uromycin at which the antibiotic competes with aminoa

RNA for incorporation into the C-terminal of de novo sy
hesized protein[98,99]. Up to 90% of the synthesized prote
an be labeled with puromycin bearing a fluorophore [1
ithout significant perturbation of DNA binding and oth
iological functions [101].

Another method is based on the observation tha
nitiator tRNA with an altered anti-codon can substit

ethionine by another amino acid at the beginning
rotein [102]. Indeed, the N-terminus of model prote
as been labeled with an efficiency of up to 67% by u
n amber (CUA) initiator tRNA, chemically aminoacyla
ith a fluorophore-amino acid conjugate, and the DNA t
late containing the amber UAG codon instead of the A

nitiation codon in theE. coli cell-free system[103,104].
urface contact of capture proteins can also be achiev
heir immobilization on 3D space-supports, such as hydr
r nitrocellulose (see Section3).

Alternatively, the critical threshold of the signal to be
ected can be lowered by enhancing the signal-to-noise
n a given support. Indeed, the sensitivity of fluoresc
etection is diminished by background signals, which
e caused by endogenous constituents of the supports
amples (usually referred to as autofluorescence). Visibl
rophores, which absorb and emit within≈500–650 nm, ar
ot well suited to detect proteins on a nitrocellulose m
rane because of the high background fluorescence o
upport in the visible range. In contrast, near-infrared
escent dyes (IRDyes), with wavelengths higher than 670
ave a great advantage over visible fluorophores in that lo
avelengths provide very low background (high signa
oise ratio) and a wide dynamic range to detect protein
embrane supports [108]. IRDye-labeled antibodies a
embrane-immobilized proteins to be detected with hi

ensitivity than those labeled by visible fluorophores ([1
ttp://www.licor.com). Moreover, attomolar quantities of ta
et proteins have been detected in serially diluted sam
rrayed on a nitrocellulose membrane using IRDye-lab
NA and protein probes [87].
Another radical way to increase the sensitivity of de

ion on arrayed microspots is by signal amplification.
yramide amplification method, based on a sandwich pr
le, uses the horseradish peroxidase-mediated activat
ultiple copies of fluorescent- or chemiluminescent-lab

yramide derivatives to generate high-density labeled pro
http://www.probes.com). The method was successfully a
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plied to screening pathway targets in tumor tissues by reverse-
phase protein arrays[110,111]. This amplification approach
also enabled the detection of low-abundance IgEs against
some allergens used as immobilized antigen arrays [112].

PCR technology has also been used to detect antibod-
ies bound to antigens via the attachment of a specific DNA
sequence as a target for signal amplification[113–116].
A DNA molecule can be connected to a given antibody
by streptavidin–biotin or covalent linkage. Furthermore, a
method has been developed known as rolling circle ampli-
fication (RCA) [117] that can detect low-abundance anti-
gens on microspot formats of arrayed antibodies[118,119].
In this method, a reporter antibody conjugated to the 5′ end
of an oligonucleotide is first captured by an antigen immo-
bilized on a support. Then this oligonucleotide in the bound
antibody–antigen complex is annealed to a complementary
sequence located in a small circular single strand of DNA
(≈80-mer) and the added DNA polymerase produces a long
linear concatamer molecule by repeated rolling of the cir-
cular DNA template. Finally, the resulting amplified DNA,
containing hundreds of copies of the circular DNA and at-
tached to the bound antibody-antigen complex, is detected by
hybridization with a labeled complementary oligonucleotide
probe or by direct incorporation of fluorescently-labeled or
hapten-labeled nucleotides. This elegant method provides lin-
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motifs in protein and DNA sequences and to identify com-
plex regulatory networks in cells. A high-throughput yeast
two-hybrid method based on a “bait-prey”-promoted activa-
tion of a reporter gene in cells [128] has been largely used
for the construction of interaction maps of several organ-
isms[23,129–133]. Furthermore, mapping of protein com-
plexes by mass spectroscopy has been reported[134,135].
The emergence of a multiplexed high-throughput array tech-
nology raises studying protein–DNA and protein–protein in-
teractions to a new qualitative level by providing both com-
plementary information and the unique possibility of analyz-
ing genomes and proteomes of unicellular and multicellular
organisms.

5.1. Protein–DNA interactions

Many DNA-binding proteins are involved in the regula-
tion of genome expression and maintenance. The majority of
DNA-binding regulatory proteins are two-domain molecules,
in which one domain usually determines DNA recognition
and binding, while the other is involved in the assembly of
monomers into oligomeric molecules and the recruitment of
cofactors and other proteins to regulate RNA synthesis [136].
The target sites for each family of proteins represent similar
nucleotide sequences that share a core motif and transcrip-
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ar kinetics of DNA amplification by incorporation of≈200
ucleotides/s with a 3 log increase in the detection s

ivity, up to zeptomolar quantities of some target prote
hus, 0.1 pg/ml of the prostate-specific antigen was dete
y this method as compared to 100 pg/ml by conventi
LISA. RCA has been used for multiplexed detection

ow-abundance proteins in biological fluids on microar
ormats, such as cytokines secreted during maturatio
angerhans cells [120] and allergen-specific IgEs in the
f patients[121,122].

Another possibility for signal enhancement is based
he proximity-dependent DNA ligation of two affinity DN
ptamer probes which, being bound to target proteins an
ridized to a connector oligonucleotide, serve as template
ignal amplification by PCR[123,124]. Without additiona
ashing and separation steps, up to 40 zeptomole am
f the cytokine platelet-derived growth factor have been

ected by this extremely sensitive method. It may prove
ble for enhancing the sensitivity and specificity of the

ection of multiple protein partners using array technolo
Nanomechanical detection of a bent cantilever with

mmobilized protein bound to the analyte is also promis
or the development of label-free monitoring of molecu
nteractions on protein arrays by the application of ato
orce microscopy[125–127].

. Molecular interactions

The combination of computational and molecular biol
pproaches has already proven its power to detect func
ional regulation is specified by various factors that affec
fficiency of base pair-amino acid contacts in cells.

Sensitive assays have been developed to ide
rotein–DNA interactions using fluorescence spectrosc
uclear magnetic resonance, mass spectroscopy, and a

orce microscopy during recent years[137–144]. Protein
inding sites can be predicted in genomes by bioinfor

cs, although this approach alone does not provide valu
unctional information[145,146]. A convenient way to as
ess simultaneously a dozen proteins binding to DNA ta
s still the gel electrophoresis mobility shift assay (EMS
n this context, the array technology has significant time
ost advantages over other DNA-binding methods, which
ake months to characterize and to assess a large num
atural and mutant targets of interest.

Several DNA array-based approaches have been d
ped to monitor DNA-protein interactions. The first hi

hroughput analysis was performed by enzymatic con
ion of single-stranded oligonucleotides, which conta
onger 16-mer sequence for annealing, into double-stra
ligonucleotides that were then probed to bind transcripti

actors [147]. Different parameters of the method have
mproved by immobilizing shorter 8-mer oligonucleotides
olyacrylamide gel pads, and consecutive annealing w
pecified mixture of 8-mer oligonucleotides [148] or by fo
ng unimolecular hairpin structures [149]. The approach
lso been used to analyze the specificity of zinc finger i
ctions to wild-type and mutant nucleotide sequences u
hage-displayed peptides[150,151]and to characterize th
ingle nucleotide polymorphism effect in human transc
ional factors NF-�B and OCT-1 [152].
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A combined method of DNA microarray and chromatin
immunoprecipitation (ChIP array) has been developed to as-
sess the binding of gene-specific transcription activators in
response to changes in carbon source and mating pheromone
in the yeast genome[153,154]and to detect binding loci for
cell-cycle regulators, the p65 subunit of NF-�B transcrip-
tional factor and the cyclic AMP-responsive element-binding
protein on human chromosomes[155–157]. A similar ap-
proach uses the separation of bound protein/DNA complexes
by EMSA instead of immunoprecipitation [158]. Another
method, DNA adenine methylase identification (DamID ar-
ray), detects DNA-binding sites by taking into consider-
ation that eukaryotic DNA can be subjected to methyla-
tion in vivo only at chromosomal sites bound to a given
transcription factor fused to the bacterial Dam enzyme
[159,160].

The DNA microarray method has recently been combined
with SPR microscopy to monitor the binding constants of
the yeast transcription factor Gal4 with respect to many tar-
get DNAs prepared by spotting biotinylated dsDNA on a
streptavidin-coated gold surface [161]. The kinetics of the
binding of the proteins to operator sequences was monitored
simultaneously from 120 spots with a sensitivity of 0.5 pg of
bound protein at a time resolution of 1 s.

While DNA arrays allow DNA binding sites in genomes
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Fig. 2. SDS–PAGE analysis and fluorescence detection of protein–DNA
interactions with arrayedB. stearothermophilusArgR repressor (A) and
E. coli RNA polymerase� subunit (B). Total proteins (crude extracts) of
non-induced and 30, 60 and 120 min IPTG-induced samples were loaded
on a polyacrylamide gel. The last lane contains a purified His-tagged pro-
tein. Arrays were prepared with the same crude extracts by a serial two-
fold dilution and with pure proteins by a serial four-fold dilution. Total
protein in spotted cell extracts is shown in pg while the amount of spot-
ted pure proteins is shown in fmol and amol. Binding reactions were car-
ried out with a 76 bp IRDye-800 labeled DNA carrying theB. stearother-
mophilusPargCo promoter-operator region (reproduced from [87] with
permission).

Bacillus stearothermophiluscarrying the expected binding
sites. Binding signals were detected for up to 1.6 fmol and
12.9 amol of purified� subunit of RNA polymerase and ArgR
repressor, respectively (Fig. 2). Moreover, a linear increase
in a fluorescent signal was observed in crude extracts as a
function of the duration of IPTG-induction, showing that
the method works even with non-purified proteins. No signal
was detected with shorter DNA probes that had lost the cor-
responding binding sites. Protein–DNA and protein–protein
interactions with Kd of the order of 10-8 to 10-7 M could be
detected with immobilized purified proteins and with crude
extracts. This emphasizes the extreme sensitivity and the su-
periority of the IRDye detection of molecular interactions on
membrane supports.

Next, this highly sensitive method was applied to a com-
prehensive analysis of the ArgR-mediated regulatory system
in distant mesophilic and thermophilic bacteria[163,164]. In
ArgR proteins, a winged helix-turn-helix motif (wHTH) lo-
cated in the N-terminal DNA-binding domain[165,166]rec-
ognizes two adjacent 18 bp imperfect inverted repeats (Arg
boxes) in operators[167,168], whereas distinct amino acids
located in the C-terminal domain are responsible for the bind-
ing of l-arginine co-repressor and protein oligomerization
[169]. Domain- and linker-replaced chimeric proteins were
constructed fromE. coliandBacillus stearothermophilusre-
p ssays
o be identified and their response to growth condition
e assessed, protein arrays can help to identify protein
ind to DNA targets of interest.

In the “proof-of-concept” study, Ge developed a univ
al protein array (UPA) system for the quantitative detec
f protein interactions with different molecules [6]. The p

eins were overexpressed in bacteria or in baculovirus
urified to homogeneity. A macroarray representing 48
idual patterns was prepared on a nitrocellulose memb
ith dot blot apparatus. The majority of the chosen prot
ere general or specific transcriptional factors potentially
bling binding to DNA, RNA, other proteins and/or sm

igands. Proteins were probed to a32P-labeled 64 bp doubl
tranded or single-stranded oligonucleotide containing
ajor late promoter region of the adenovirus. A tight b

ng was detected between the phosphorylated transcrip
ctivator PC4 and dsDNA, whereas the substitution of a
le amino acid that is crucial for the DNA-binding activity
C4 [162] completely abolished the binding ability. The
ibility of UPA was confirmed with other proteins as well [
his pioneering work emphasizes both the high-throug
nd multiplexed character of protein array technology

he simultaneous analysis of many protein interactions u
arious molecular probes.

We used protein microarray in combination w
RDye fluorescence detection to assess protein–DNA
rotein–protein interactions on a nitrocellulose memb

87]. Arrays prepared from serial dilutions of several p
ed proteins and crude extracts containing the proteins
xpressed from a T7 promoter after IPTG induction w
robed to the DNA promoter-operator region PargCo from
 ressors and eight proteins were compared in parallel a
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(64 spots of two-fold diluted samples on each membrane)
to bind operator DNAs in the presence and the absence of
arginine [163]. The detected signal intensity correlated with
the DNA-binding affinity as confirmed by EMSA and SPR.
Moreover, the ability to visualize and assess simultaneously
fluorescent signals from all spots allowed us to reveal that
the affinity for the operator site depends on the source of
the DNA-binding and oligomerization domains in chimeras.
Further detailed analysis of arrayed wild-type and mutant
proteins fromE. coli, B. stearothermophilusandT. neapoli-
tanashowed that bacterial ArgRs can differentially bind to
operator targets composed of a single and double Arg-boxes
[164]. The data obtained with protein arrays and other meth-
ods indicated that arginine regulatory proteins of the wHTH
family can be of different kinds. At one extreme, there is
a global kind of regulator fromT. neapolitanapossessing
low repression efficiency and poor target specificity (bind-
ing to a single Arg-box in the absence of arginine). At the
other extreme, there is anE. coli repressor exhibiting strong
arginine-dependence and high target specificity (binding to a
double Arg-box in the presence of arginine). Other ArgR reg-
ulators, fromBacillus for example, appear to be somewhere
in between.

The question arises as to whether protein array technol-
ogy is suitable to compare simultaneously regulatory proteins
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5.2. Protein–protein interactions

Understanding the complexity of the protein–protein in-
teractions involved in various cellular processes is a major
goal of modern biology. The number of possible contacts be-
tween protein surfaces is astronomical although, in biological
systems adapted to particular physiological conditions during
evolution, this might be limited to interactions that provide a
coordinated structure–function relationship between proteins
necessary for surviving organisms. Only the combined efforts
of bioinformatics and high-throughput techniques will help to
find solutions in this attractive field of proteomics, or at least
to contribute to the resolution of the most significant biomedi-
cal problems. In this context, protein array technology opens
up wide perspectives to characterize putative proteins and
identify molecular partners involved in metabolic and regu-
latory networks in cells. The advantages of detecting directly
protein–protein interactions and monitoring different param-
eters such as relative protein concentration, binding affinity
and protein modifications impart to protein arrays a particular
usefulness for new applications.

5.2.1. Functional analysis by protein arrays
The first studies to use the high-throughput array ap-
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educed from sequenced genomes and to identify pot
NA-binding sites in multiplexed assays. As a first ste

hat direction, we prepared a macroarray with immobil
ell-free synthesizedT. maritimaproteins belonging to th
ylR, LacI and GntR families ([54], see Section2.3). Ther-
ostable proteins were probed to the characterized ope

equences from theE. coligenome. Fluorescent signals w
etected for some of XylR, LacI and GntR proteins as

ndication of their functionality. Moreover, the binding ab
ty of these putative regulators to heterologous operators
onfirmed by EMSA.

This method has recently been applied to assess th
an serum response factor binding to wild-type and mu
NA sites [170]. A 16-fold higher affinity was detected fo
ild-type binding site as compared to the mutant site w
ensitivity of 0.4 pg of the spotted protein. As a further ef
n studying human protein–DNA interactions, we have im
ilized commercially available human transcriptional fac
n a nitrocellulose membrane and probed to short DNA f
ents containing putative binding sites predicted by bi

ormatics within large promoter regions of humanNat1and
at2genes (Yeretssian, Sakanyan, unpublished data).
The increasing interest in recombinant transcription

ors as potential therapeutic agents and in artificial pep
ucleic acids as potential modulators of protein–DNA

eractions[171–174]faces several important issues incl
ng the high-throughput screening of biomolecules. Altho
imited, the data obtained with protein arrays are encoura
nd show the effectiveness of protein array technology i
nalysis of protein–DNA interactions and in the search

ranscription activators/inhibitors.
lones in a random library of human fetal brain cDNA us
ell-characterized antibodies[175,176]. However, protein

nteractions determine the transitory stability of associ
unctional complexes, which suggests the possibility
dentifying and characterizing a suspected protein thro
ts interacting partner with a known function.

Protein phosphorylation is a general and impor
echanism of cellular regulation that involves at least
rotein partners [177] therefore it was attractive to targe
echanism by protein arrays [7]. The substrate speci
f kinases can be studied on arrays with radioactive
r fluorescent-labeled antibodies specific to phosphory
mino acids[7,178,179]. Snyder and co-workers [41] demo
trated the reliability of protein microarrays in determin
he functions of putative kinases deduced from a seque
enome. One hundred and nineteen GST-fused prote
. cerevisiae, predicted as candidates for kinase activ
ere immobilized on a silicone surface in microwells

ested with 17 different protein substrates using32P�–ATP
nder appropriate conditions. Phosphorylation signals
onitored from radioactive spots by a high-resolution p
hoimager. The substrate specificity of a given enzyme
etected by normalization of a particular activity agains
ubstrates. This study allowed the affiliation of the ident
ew enzymes to kinase families to be determined and a p
enetic tree of proteins carrying the kinase core domain
roposed.

The high-throughput and multiplexed functional anal
f putative proteins was extended to study 5800S. cerevisia
utative proteins (93.5% of total ORFs) fused to the GST

ag at their N-termini and purified from yeast cells
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Protein microarrays were fabricated by immobilization of
protein patterns on aldehyde-treated or nickel-coated slides
and tested for protein–protein and protein–lipid interactions.
Calmodulin, a calcium-binding protein involved in various
calcium-regulated processes, was found to bind 39 proteins,
33 of which were considered as new potential partners.
Sequence alignment of these proteins identified a common
motif in 14 calmodulin-binding proteins. Obviously, this
comprehensive study exceeds the bounds of a global analysis
of the yeast proteome and points towards similar investi-
gations of entire proteomes from other organisms in the
future.

The highly ordered chromatin–nucleosome structure
forms numerous protein complexes, which directly or in-
directly determine the functional state of DNA replication,
reparation and transcription. Therefore, a protein microarray
was designed to analyze the chromatin-related protein inter-
actions of immobilized histones and other relevant proteins
[180]. Probing to several DNA reparation proteins responsi-
ble for distinct functions showed that Rad51B interacts with
histones and not nucleosomes. On the contrary, Smarcal1, a
new member of the SWI/SNF family of proteins involved in
nucleosome remodeling, bound specifically to nucleosomes
and not histone proteins.

Remarkably, the microarray experiment for studying
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tained from spotted non-purified cell extracts, as performed
when studying interactions between the alpha subunit of
E. coliRNA polymerase and the cyclic AMP receptor protein
[87].

The functional studies of protein–protein interactions can
be enlarged and diversified by the combination of protein ar-
ray and phage display methods (seeFig. 1). Particularly note-
worthy is the use of the array approach to screen recombinant
antibodies in phage displayed clones, robotically picked and
gridded on a support, to identify antibody fragments against
purified antigens or impure proteins [181].

We have recently fabricated a protein microarray format of
phage-displayed peptides to evaluate the immune response in
HIV-1 infected patients and to compare protein–antibody in-
teractions of epitope-mimicking peptides [182]. 18 different
peptide sequences, reminiscent of the gp41 immunodominant
epitope, CSGKLIC, that forms a typical disulfide-bonded
loop [183] and was used for the immunological diagnosis of
HIV-1 [184], were compared in the binding affinity for IgG
of several patients in parallel assays. Substitutions of vari-
able amino acids within the motif and adjacent sequences af-
fected the ability of HIV-specific antibodies to recognize the
epitope (Fig. 3). A good correlation was observed between
the binding strength distribution data obtained by ELISA and
by mimetic peptide microarray. However, the more sensitive,
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rotein–protein interactions can be designed completely
ell-free synthesized proteins. Thus, five synthesized eu
tic proteins spotted and mutually probed, after being lab

n vitro by the puromycin method, formed the expected in
cting pairs [80]. Several cell-free synthesizedT. maritima

ranscription factors arrayed on a nitrocellulose memb
ere found to bind to the bacterial RNA polymerase a
ubunit [54]. Protein binding information can also be

ig. 3. Antibody-binding reactivity of phage-displayed mimetic peptid
n HIV-1 infected patient (adopted from [182] with permission). The 3
onserved amino acid residues in selected peptides are shown in bol
itored by antigen array and microplate ELISA methods using IgG pufrom
cture of the immunodominant epitope (IWGCSGKLICTTA) is from [1
xample of the ordered array with immobilized phage particles is show

apid and less compound-consuming phage peptide mic
ay format appears to be better suited to detect sub-op
ntigen–antibody interactions in a high-throughput and

iplexed manner. This study indicated that the antiviral t
py could lead to a decrease in the level of gp41 immuno

nant epitope-specific antibodies as a result of the accum
ion of HIV-1 mutants with decreased affinity for primar
enerated antibodies [182].



V. Sakanyan / J. Chromatogr. B 815 (2005) 77–95 89

Microarray-based detection of antigen–antibody interac-
tions has been used for the functional assessment of pro-
teins and peptides as potential antigens, the evaluation of
the immune response and the profiling of antibodies in sera
[88,121,185–192]. Therefore, antigen microarrays have a
particular interest for medicine in the prognosis and diagnosis
of different pathologies such as allergies and the autoimmune
response, cancer, viral and bacterial infections and for select-
ing vaccine candidates against various diseases (reviewed in
[193–195]).

5.2.2. Protein profiling with antibodies
Antibodies, being uniform, relatively stable binders with

a high affinity for target molecules, are the best candidates to
assess the abundance of proteins in complex biological mix-
tures by measuring the relative number of captured molecules
[7,120,186,196–201]. Three array strategies have been pro-
posed to compare the expression of proteins by the evaluation
of their interactions with monoclonal antibodies (Fig. 4).

A two-color approach detects the fluorescence intensity
of spots by comparing two samples mixed in a 1:1 ratio,
in which the same proteins labeled by two fluorophores of
different wavelengths are in competition to bind to the cor-
responding arrayed antibodies [197]. Running two parallel
experiments with mutually exchanged fluorophores used for
l pro-
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been applied to study protein profiling in pathological tis-
sues and cells[196,198,202,203]. However, the two-color de-
tection capacity is within about 3 log of concentrations and
is limited in the assessment of low-abundance proteins in
a single assay [186]. The two-color approach has recently
been strengthened by coupling it to rolling-circle amplifica-
tion, which increased by up to 30-fold the sensitivity of the
detection of low-abundance proteins with a high accuracy
and reproducibility in the 24 sera tested in parallel assays
[204].

Another mono-color approach, called “competitive dis-
placement”, detects protein abundance with antibodies im-
mobilized in hydrogel through competition of target proteins
in two samples mixed in increasing ratios, 1:1, 1:10, etc.,
when only one sample, considered as a reference, is labeled
[205]. According to this approach, the proteins of similar con-
centrations in samples mixed in the ratios 1:1 and 1:10 would
give, respectively, 50 and 90% displacement, which can be
detected by the reduction in fluorescence intensity. For up-
regulated proteins, the displacement level will be more sig-
nificant whereas for down-regulated proteins it will be less
significant. This approach moves away from the saturation
of spots since the signal falls as a result of the antibody bind-
ing to non-labeled proteins therefore a wider range of protein
concentrations might be detected in a single assay. However,
i fluo-
r ility
a pro-
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abeling excludes the effect of the bioconjugation bias to
eins on the interpretation of the results. The relative pro
oncentration is measured by comparing the ratio of the
rescence intensity of sample spots to the ratio of th

ensity monitored for a reference protein. This approach

ig. 4. Strategies for protein expression profiling by protein arrays. Th

he “reverse phase” approach uses arrays of immobilized total proteins from
-color” and “competitive displacement” approaches use antibody arrays wherea

t does not take into consideration that the conjugated
ophores affect protein topology, molecular mass, solub
nd diffusion in hydrogel thus labeled and non-labeled

eins can be rather different in their competitiveness, w
ight distort the profiling of proteins.
tissue specimens. For details, see text.
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In the third approach, referred to as “reverse-phase pro-
tein microarray”, the positioning of antibodies and proteins
is inversed in the experimental design[110,111,206]. It is the
mAb that detects a target protein in a total protein fraction ex-
tracted from a biological sample and arrayed on the support.
Such a direct capture assay to measure the protein concen-
tration by chemiluminescence or fluorescence, including the
detection of low-abundance proteins by the tyramide ampli-
fication method, is well suited to compare protein profiles in
numerous clinical specimens [207].

A major hindrance to the performance of protein profil-
ing approaches is the lack of a real specificity of available
antibodies; only between 5 and 20% of commercial mAbs
can be considered useful for protein profiling experiments
[186,208]. Indeed, if a total cross-reaction and non-specific
interaction strength prevails over the expected specific inter-
action with a target protein, then a relative measurement of
captured proteins becomes impossible on spots. A traditional
way to override this obstacle is the experimental design with
two mAbs which recognize different epitopes in the same
protein; the first to capture the protein and the second to se-
lect the captured protein. Such a sandwich method allows
profiling to be assessed more precisely. It has been success-
fully applied to follow the synthesis and secretion of a limited
number of proteins, such as cytokines, a group of mediator
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polarization, endocytosis, etc. [218]. Interaction domains,
usually comprised of 35–200 amino acids [219] and a short
ligand motif can be predicted in suspected proteins by the
identification of conserved amino acid sequences[220,221]
and protein–protein interactions can be characterized ex-
perimentally using probes of degenerate synthetic or phage
displayed peptides, yeast two-hybrid and mass-spectroscopic
techniques [222]. The protein interacting domains described
are grouped into protein families (Pfam), which are available
in a database (http://pfam.wust.edu/).

The first protein domain microarray was prepared by im-
mobilization of 212 purified GST-tagged proteins on a ni-
trocellulose membrane and probed to peptides potentially
able to recognize 10 different protein interaction domains
[223]. The detection of bound molecules was carried out with
Cy3- and Cy5-labeled peptide probes or with anti-domain
primary antibodies, which were recognized by appropriate
FITS-conjugated secondary antibodies. Two-color detection
of unmethylated and methylated arginine in a peptide car-
rying the P3 motif of Sam68 discriminated between proteins
with SH3 domains that are highly sensitive to arginine methy-
lation and less specific WW domains. The method was rather
sensitive for detecting the characteristic binding profiles of
endogenous proteins in total cellular extracts using primary
antibodies against the dominant P3 and PGM interaction mo-
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.2.3. Protein domain arrays
Protein interactions are basically determined by

tructural features of proteins. Two proteins can esta
unctional contacts through specific recognition of a s
arget sequence in one partner by a specialized int
ion domain located in another partner [177]. A mod
rganization of regulatory proteins is also crucial for
olecular recognition of nucleic acids, phospholipids

mall ligands. Moreover, it turns out that the cell use
imited set of interaction domains, which, being able to
ndependently and be presented in different combina
n proteins, can recognize various motifs in interac
artners. Therefore, they can direct distinct regulatory p
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espectively. The acquired information has been usef
earching for low-molecular inhibitors of arginine methy
ion of N-methyltransferase involved in transcriptional a
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Protein microarrays have also been used to identify i
cting partners with tuberin, encoded by the tuberosis
osis complex 2 tumor suppressor gene [225]. Tuber

target for phosphorylation by Akt kinase that negati
egulates downstream signaling pathways and shares
ar phosphorylation sites with other proteins like 14-3-3.
utative phosphorylation sites were predicted on tuber
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lar structure) microarray was prepared from 49 highly
ified peptides representing 16 families of human bZIP
0 yeast proteins [226]. To exclude homodimerization,

ides were denatured, printed and probed with denature
rescent peptides. The strength of interaction in a ran
0 nM–3�M could be measured using internal standards
inding was shown to occur with high selectivity althou
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eptides within similar families possessed close intera
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The WW domain, with two highly conserved tryptophan
(W) residues spaced within a 30–40 amino acid stretch that
binds proline-rich ligands, has been found in signaling pro-
teins involved in cell-cycle control and co-activation of tran-
scription[227,228]. Several subgroups of WW domains dis-
playing different binding specificity with respect to WW pep-
tide ligands have been described [229]. The WW domain is
implicated directly or indirectly in muscular dystrophy, can-
cer, Alzheimer’s and Huntington’s diseases [230]. The array
approach has been applied to map WW domain protein in-
teractions using 96-well plates by a quantitative ELISA-like
binding assay [221]. A total of 2189 putative WW peptide lig-
ands, with a length ranging from 10 to 16 amino acids, were
probed to 30 WW GST-fusion domains. The WW functional
domains were classified by their ability to bind four sub-
groups of peptide ligands. The construction of the first WW
domain–ligand protein–protein interaction map by a protein
array is of particular importance in a better understanding
of severe pathologies and in the search for new therapeutic
targets and WW domain specific inhibitors.

The fact that interaction domains alone, being isolated
from the context of corresponding proteins as small and glob-
ular structures, are still able to fold correctly and interact
specifically gives priority to the array method over other high-
throughput methods in studying protein–protein interactions.
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way to understand structure–function relationships in entire
organisms. Protein arrays address the expression profile and
post-translation modifications of proteins, the assessment of
the immune response, the identification of biomarkers, the
screening of targets for therapeutic purposes, the choice of
vaccine candidates and the search for new leads. Obviously,
various formats of protein arrays will become indispensable
to solve urgent biomedical problems.

Acknowledgements

I thank Dr. Erhard Fernholz for comments and non-
published data. Work in the author’s laboratory was sup-
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[33] J.-D. Ṕedelacq, E. Piltch, E.C. Liong, J. Berendzen, C.-Y. Kim, B.-

S. Rho, M.S. Park, T.C. Terwilliger, G.S. Waldo, Nat. Biotechnol.
20 (2002) 927.

[34] M. Nakayama, O. Ohara, Biochem. Biophys. Res. Commun. 312
(2003) 825.

[35] D. Christendat, A. Yee, A. Dharamsi, Y. Kluger, A. Savchenko, J.R.
Cort, V. Booth, C.D. Mackereth, V. Saridakis, I. Ekiel, G. Kozlov,
K.L. Maxwell, N. Wu, L.P. McIntosh, K. Gehring, M.A. Kennedy,

.H.

A.
in-
.
T.L.

I.A.
S.A.

ow,

ima,
H.

per,

artl,
117

K.G.
net.

En-

B.
em.

.
xpr.

nol.

ech-

Le,
isov,
D.

Wishart, W. Lee, L.P. McIntosh, K. Gehring, M.A. Kennedy, A.M.
Edwards, C.H. Arrowsmith, Proc. Natl. Acad. Sci. U.S.A. 99 (2002)
1825.

[49] J.K. De Vries, G. Zubay, Proc. Natl. Acad. Sci. U.S.A. 57 (1967)
1010.

[50] Y. Kawarasaki, T. Kawai, H. Nakano, T. Yamane, Anal. Biochem.
58 (1995) 631.

[51] D.M. Kim, T. Kigawa, C.Y. Chen, S. Yokoyama, Eur. J. Biochem.
239 (1996) 881.

[52] T. Kigawa, T. Yabuki, Y. Yoshida, M. Tsutsui, Y. Ito, T. Shibata,
S. Yokoyama, FEBS Lett. 442 (1999) 15.

[53] M.C. Jewett, J.R. Swartz, Biotechnol. Prog. 20 (2004) 102.
[54] V. Sakanyan, M. Snapyan, A. Ghochikyan, M. Lecocq, L.
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