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Microarrays to characterize protein interactions on
a whole-proteome scale

Protein microarrays contain a defined set of proteins spotted and analyzed at high
density, and can be generally classified into two categories; protein profiling arrays
and functional protein arrays. Functional protein arrays can be made up of any type of
protein, and therefore have a diverse set of useful applications. Advantages of these
arrays include low reagent consumption, rapid interpretation of results, and the ability
to easily control experimental conditions. The ultimate form of a functional protein
array consists of all of the proteins encoded by the genome of an organism; such an
array would be the whole proteome equivalent of the whole genome DNA arrays that
are now available. While proteome microarrays may not have reached the stage of
maturity of DNA microarrays, recent developments have shown that many of the bar-
riers holding back the technology can be overcome. Arrays of this type have already
been used to rapidly screen large numbers of proteins simultaneously for biochemical
activities, protein-protein interactions, protein-lipid interactions, protein-nucleic acid
interactions, and protein-small molecule interactions. Eventually, functional protein
arrays will be used to facilitate various steps in the drug discovery and early develop-
ment processes that are currently bottlenecks in the drug development continuum.
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1 Introduction

investigations. A key factor behind this difficulty is that
the variable being measured in these experiments (the
relative level of RNA between two or more states) may
only be indirectly related to the causative element(s) (a

Over the past few years, the science of genomics has
revolutionized both basic research and drug discovery. It
has now become routine, for instance, to use DNA micro-
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protein or proteins) and, in some cases, may not be
related to it at all [6]. Furthermore, the data obtained
from DNA microarray experiments does not give the
investigator any direct information about the function of
the gene products or how they might interact with one
another.

Protein microarray technology may have the greatest
potential for providing direct information on protein pro-
files and function with the level of comprehensiveness
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that scientists have come to expect with DNA microarrays
[7-9]. Protein microarrays contain a defined set of pro-
teins spotted and analyzed at high density, and can be
generally classified into two categories; protein profiling
arrays and functional protein arrays. Protein profiling
arrays, which are not the subject of this review, usually
consist of multiple antibodies printed on glass slides and
are used to measure protein abundance and/or altera-
tions (reviewed in [10]). Functional protein arrays can be
made up of any type of protein, and therefore have a
more diverse set of useful applications. Advantages
of these arrays include low reagent consumption, rapid
interpretation of results, and the ability to easily control
experimental conditions. The key advantage of functional
protein arrays, however, is the ability to rapidly screen
large numbers of proteins simultaneously for biochemical
activities, protein-protein interactions, protein-lipid inter-
actions, protein-nucleic acid interactions, and protein-
small molecule interactions. Using these arrays, one could,
in a single experiment, determine all of the substrates for
a protein modifying enzyme, build an entire protein inter-
action network, or determine all of the potential binding
partners in a cell for a drug under development.

The ultimate form of a functional protein array would con-
sist of all of the proteins encoded by the genome of an
organism; such an array would be the whole proteome
equivalent of the whole genome arrays that are now avail-
able. Arrays containing families of proteins with similar
biological activities (e.g. protein kinases), proteins ex-
pressed in the same tissue, or proteins associated with a
particular disease state, would also have obvious utility.
Compared to DNA arrays, however, the manufacture and
use of whole-proteome or protein family arrays present
potentially significant challenges. These challenges are
usually broken down into several key areas. Prohibitive
costs, the length of time needed, and various technical
limitations in producing the proteins that would go on
these arrays have been cited as chief concerns. It has
also been pointed out that immobilizing large numbers of
diverse proteins on a glass slide is likely to be much more
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Figure 1. Fluorescent Image of
Yeast ProtoArray™. Microscope
slides were spotted with 5000
different proteins cloned from
yeast. Each protein on the array
was detected using a Cy5-label-
ed antibody directed against an
attached epitope tag. Slides
were scanned using an Axon
4000B microarray laser scanner
(Axon Instruments, Union City,
CA, USA) Copyright 2003 Proto-
metrix Inc.

difficult than the manufacture of arrays of DNA, which is
clearly not as chemically complex as proteins. Similarly,
the lack of an amplification procedure for proteins analo-
gous to PCR for DNA has been mentioned as a problem
for detection of interactions on protein arrays.

Despite the challenges, the first actual demonstration that
a whole-proteome microarray can be made and used in
functional assays was recently published [11]. This array
consisted of approximately 5000 proteins from the bud-
ding yeast Saccharomyces cerevisiae deposited onto a
glass microscope slide (Fig. 1). In light of this accomplish-
ment, there is clearly a need to take a new look at the real-
ities of producing whole-proteome arrays. It is the pur-
pose of this review to attempt to objectively analyze the
current state of the art as well as the remaining challenges
regarding content, manufacture, detection, and applica-
tions of this exciting new technology.

2 Content: Producing the proteins

The fundamental advantage of using whole-proteome
arrays for applications such as protein-protein interaction
mapping, small molecule screening, and antibody speci-
ficity profiling is the ability to carry out the parallel analysis
of thousands of proteins in a high-throughput fashion. In
order to produce such arrays, however, it is necessary to
convert genomic sequence information into thousands of
pure, functional proteins. The basic technologies neces-
sary for producing this content (cDNA cloning, PCR,
recombinant protein expression and purification) have
been in place for a number of years. Efforts to integrate
each of these technologies into an automated, high-
throughput system for the industrial-scale production of
proteins with appropriate quality assurance procedures
are only recently underway.

The initial step in the development of whole-proteome
arrays is the identification of ORFs for the organism of
choice. For simple organisms such as S. cerevisiae which
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generally lack a complex intron-exon structure, this pro-
cess is relatively straightforward and genomic DNA can
be used as the source material. In fact, the first example
of this approach was the genomic-scale PCR amplifi-
cation of the ~ 6000 ORFs from S. cerevisiae for cloning
into yeast plasmids [12]. A more complex strategy for
identifying ORFs from genomic sequence information is
required for higher organisms due to the necessity of
defining translational start sites and splicing signals [13].
Once identified, the source material for cloning is usually
a cDNA library or a collection of libraries. In this case, suc-
cessful cloning is dependent on the presence of a full-
length copy of mRNA for the genes of interest; conse-
quently, a higher failure rate is expected for very rare
and/or very large mRNAs. Nevertheless, various efforts
are currently underway to generate nonredundant collec-
tions of genes suitable for use as the starting material for
generating, among other things, whole-proteome arrays.
These efforts range from the Caenorhabditis elegans
ORFeome project [14] to the various public efforts to
generate human genes collections, such as the Unigene
set, which is a collection generated from a human fetal
brain cDNA library [15], the Full-length Expression
(FLEX) Gene repository under development at the Har-
vard Institute of Proteomics [16, 17], the Integrated
Molecular Analysis of Genomes and their Expression
(.M.A.G.E.) cDNA collection that is based at the Law-
rence Livermore National Laboratory [18] and the asso-
ciated sequence verified Mammalian Gene Collection
(MGQ) full-length clone collection [19, 20]. Commercial
efforts are also being undertaken to create biologically
useful collections by companies such as Invitrogen and
Protometrix.
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Avariety of strategies for insertion of the cloned ORFs into
vectors can be employed (reviewed in [21]). Several
recombination-based methods are now widely used that
allow the facile shuttling of the cloned ORFs into various
types of expression systems [22]. The use of such meth-
ods is unnecessary, however, if the choice of expression
is clear or if the compromises involved in the use of a sin-
gle system are acceptable. For example, expression in a
homologous system is ideal for the biochemical analysis
of Esherichia coli and yeast proteins because the proteins
are in their natural environment and thus should fold prop-
erly, are subject to native modifications, and can interact
with their native partners. As mentioned above, the utility
of using expression in yeast to produce functional arrays
of the yeast proteome has been already been demon-
strated [11, 23]. For other organisms, however, heterolo-
gous expression systems are usually employed. The most
common means of heterologous expression of recombi-
nant proteins is to generate them in E. coli, which is low in
cost and easy to use. It has been shown, however, that
only about half of likely soluble recombinant proteins are
actually expressed in soluble form in E. coli [24], probably
due to the lack of proper folding resulting in the genera-
tion of insoluble inclusion bodies. Another preferred sys-
tem for heterologous expression is the use of insect cells,
which result in modifications that are usually similar to
mammalian cells. At Protometrix, we employ a massively
parallel baculovirus-based expression platform that has
been adapted and optimized for high-throughput ex-
pression of mammalian proteins; we generally achieve
an 80% or higher rate of success in producing soluble
human proteins of the expected M, using this system
(Fig. 2), which is about two-fold higher than previous

4
- av "

LY

Figure 2. Western analysis of
human proteins expressed in
a high-throughput baculovirus
system. Soluble fractions from
92 different proteins were iso-
lated from cultures of recombi-
L nant baculovirus-infected Sf9
cells, and were separated on
SDS-PAGE gels. Detection of
recombinant protein was carried
out by Western analysis using
an antibody directed against
the GST tag on each protein.
Analysis of the image indicated
that 81/92 proteins (88%) were
expressed at the predicted M,.
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reports [25]. It should be pointed out that this kind of par-
allel production of thousands of proteins is achievable
with high efficiency and at a reasonable cost because of
the relatively small amount of protein required for micro-
arrays.

After expression, the next step in the process is to purify
the proteins. The most efficient way to accomplish this
task on a proteome-wide scale is to incorporate a fusion
tag, a short peptide or protein domain that becomes
linked to each member of a set of proteins, during expres-
sion vector construction. Some of the more commonly
used fusion tags include glutathione S-transferase (GST),
histidine (His)s, Protein A, maltose binding protein, and
the FLAG peptide [21]. These tags feature high affinity
and selectivity for binding to specific resins to facilitate
purification and elution under conditions that retain activ-
ity. Purification using these tags can be adapted to high-
throughput protocols; this was demonstrated by Snyder
and coworkers when they used glutathione-agarose to
purify 5800 individual yeast GST fusion proteins, 1152 at
a time in 96-well format [11, 23]. At Protometrix, we have
optimized and automated these protocols so that the
purification of all 5800 proteins can now be accomplished
in a single day. Each step in the purification is carried out
at 4°C; this feature in combination with the overall speed
of the process helps to ensure that proteins are purified in
a functional form. Each protein is analyzed for integrity
and purity before it is passed on for protein microarray
production.

In summary, the generation of content for the first genera-
tion of proteome arrays is achievable with available tech-
nologies and is, in fact, already underway. Several addi-
tional points are worth mentioning, however. First, while
there is certainly value in creating a collection of ex-
pression-ready ORF clones, there is much more effort
involved, and therefore greater value, in creating an inte-
grated system of clones and expressed, purified, and
quality-controlled proteins resulting from these clones.
Second, it is unlikely that the efforts currently underway
will generate all of the protein information in an organism.
First, a single spliced mRNA is generally chosen as a tem-
plate for each gene; thus, the protein diversity resulting
from RNA splicing is usually not well represented. Simi-
larly, depending on the expression system used, certain
post-translational modifications may not be present in
the recombinant proteins. Membrane proteins, especially
ones which span the membrane multiple times, remain a
challenge for efficient expression and purification. Inevita-
bly, there will be other members of a protein set that can-
not be expressed, solubilized or purified under the gen-
eric conditions used to purify an entire proteome. Finally,
proteins may be functionally inactive as fusion proteins.
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Nevertheless, an initial proteome collection, despite be-
ing incomplete, will certainly be extremely valuable to the
life sciences community.

3 Microarray production

In order to carry out reproducible and reliable biochemical
assays on a protein microarray, it is necessary to immobi-
lize the proteins in a way that results in efficient deposition
of functional protein. Due to chemical diversity of pro-
teins, there have been questions about whether a tech-
nology currently exists or can be developed that can
accomplish this kind of immobilization across an entire
proteome. However, biochemists have been effectively
immobilizing proteins on solid surfaces for decades,
albeit usually one at a time. More recently, there have
been reports on the printing of protein microarrays using
a variety of surfaces and immobilization chemistries,
including but not limited to polyvinylidene difluoride [26],
agarose [27], and polyacrylamide gel pads [28]. Proteins
arrayed on glass slides activated with aldehyde [29], poly-
lysine [30, 31], or a homofunctional cross-linker [32] have
also been described. All of the above approaches result in
essentially random attachment of proteins to the surface
of the array. Since most of the studies cited have been
carried out with antibodies and there have been little
comparative studies carried out on the different surfaces,
it is not possible at this time to determine which, if any,
of the above surfaces or surface chemistries are likely to
be best suited for whole proteome arrays. What is clear,
however, is that a number of choices are readily available
for fabrication of protein microarrays, and thus claims
regarding the need for highly engineered surfaces for
protein arrays should be viewed with a certain degree of
skepticism.

In addition to the surfaces described above, we and
others have found nitrocellulose-coated slides to be par-
ticularly useful for immobilization of large numbers of dif-
ferent proteins [26, 33-35]. A direct comparison of these
slides with amine- or aldehyde-derivatized slides for pro-
ducing microarrays of proteins isolated from cancer cells
clearly demonstrated that nitrocellulose-coated slides
provided a nearly quantitative retention of the spotted
proteins, and significantly higher detection sensitivity
than the other surfaces [33]. A similar increase in sensitiv-
ity over aldehyde slides was also observed when measur-
ing protein-protein interactions on nitrocellulose-coated
slides [36]. This increase in sensitivity was shown to be
the result of the higher binding capacity of the nitrocellu-
lose-coated surface [36]. Although there is some concern
about possible denaturation of proteins on the surface of
such slides, their ability to retain greater amounts of pro-
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tein may make them a better substrate for use in applica-
tions of whole proteome arrays that require high sensitiv-
ity, such as the detection of weak protein-protein or small
molecule-protein interactions.

In principle, attachment of proteins in an oriented fashion
is a preferable immobilization strategy for use on protein
microarrays. In the case of the yeast proteome array
described by Snyder and coworkers, this was accom-
plished by expressing every protein with an N-terminal
His6 fusion tag and printing the fusion proteins on nickel-
coated glass slides [11]. Assay performance on these
slides was shown to be superior to random attachment
using aldehyde-coated slides. Lesaicherre et al. pro-
posed a new strategy for the site-directed attachment of
fusion proteins containing an intein-tag with a chitin-bind-
ing domain. In this strategy, fusion proteins are purified on
a column of chitin beads; cleavage of the protein-intein
fusion with biotinylated cysteine produces proteins that
are selectively biotinylated on their C-terminal end,
enabling them to be immobilized on avidin-coated slides
in an oriented fashion [37].

The production of any protein microarray requires careful
preparation of samples and slides prior to printing, control
of printing conditions such as humidity, temperature, dust
levels, and pin washing, and implementation of stringent
quality control processes. Despite the fact that proteome-

A B

aEa
e

Proteomics 2003, 3, 2190-2199

scale arrays may contain 10-100 times more proteins
than any antibody array that has been described to date,
it has been our experience that the level of difficulty in
manufacturing these arrays is comparable to that of anti-
body arrays. Most current applications of whole-pro-
teome arrays are essentially qualitative in nature, whereas
most antibody-based array assays require precise quan-
titation. Consequently, proteome-based array assays are
more tolerant to variation in the amount of deposited pro-
tein, spot morphology, etc. For this reason, contact-type
arrayers are adequate for producing proteome arrays.

4 Detection

Detection of probe binding on proteome arrays should
provide specific results with a high signal-to-noise ratio
and relatively low instrumentation costs. Radioactivity,
chemiluminescence and fluorescence are all suitable de-
tection strategies on proteome microarrays, although flu-
orescence is certainly the most widely used detection
method for reasons of sensitivity, stability, and availability
of fluorescent scanners tailored for microarray use. Radio-
activity is used much less frequently due to safety con-
cerns and the requirement for long exposure times.
Chemiluminescence, although highly sensitive, has draw-
backs in terms of the potential for low feature resolution
due to signal bleeding and limited dynamic range (Fig. 3).

Figure 3. (A) Chemiluminescent detection on protein microarrays. The array was incubated with
biotinylated calmodulin followed by horseradish peroxidase-conjugated streptavidin. Chemilumines-
cence signal was generated using the Pierce Femto reagent (Rockford, IL, USA) and detected on an
Alpha Innotech gel documentation system (San Leandro, CA, USA). A portion of the image showing
calmodulin binding proteins and biotinylated antibody positive control spots is presented. (B) Fluo-
rescent detection on protein microarrays. The array was incubated with biotinylated calmodulin fol-
lowed by Cy5-labeled streptavidin. The slide was imaged on an Axon 4000B fluorescent microarray
scanner. A portion of the image showing calmodulin binding proteins and biotinylated antibody posi-

tive control spots is presented.
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Furthermore, signal detection on microarrays using radio-
activity and chemiluminescence can only be performed
once, whereas fluorescence-based microarrays can be
archived for future imaging. Surface plasmon resonance
(SPR) is likely to soon emerge as an important means of
detection on protein arrays. In SPR, test proteins are
immobilized on a gold-coated chip, unlabeled probe is
added, and the change in the angle of reflection of light
caused by binding of the probe to immobilized protein is
measured [38-41]. Two key advantages of SPR detection
are the ability to use unlabeled probes, which results in
better flexibility and possibly better preservation of probe
function, and the ability to monitor the kinetics of binding,
which increases the value of the data. SPR is not very
sensitive, however, and thus requires more protein to be
deposited on the surface of the sensor than is needed on
microarrays when fluorescence, chemiluminescence, or
radioactivity is used for detection. In addition, SPR-based
arrays lack the ability to measure more than a few proteins
at a time, and it is likely to be several years before a sys-
tem able to measure binding to an entire proteome
becomes available.

5 Applications

5.1 Protein-protein interactions

By identifying interacting protein partners of known func-
tion with those whose role is uncharacterized, it is often
possible to infer the biological process and/or activity of
the uncharacterized protein. Currently, the most popular
method for detecting protein-protein interactions is the
yeast two-hybrid approach. Interaction mapping using
yeast two-hybrid has now been applied to several organ-
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(duplicate protein spots)
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isms, including two large-scale efforts for the budding
yeast S. cerevisae [42, 43]. A comparison of the results
of these efforts raises questions about the comprehen-
siveness and specificity of this approach; for example,
only 6% of the 2200 reported interactions were found
in both studies [44]. An alternative method for revealing
protein-protein interactions involves affinity purification
of proteins coupled with their identification using MS.
Using this approach, Gavin et al. and Ho et al. identified
a number of protein complexes from S. cerevisiae [45, 46].
These data sets provide crucial information regarding
multiprotein assemblies within the cell that have not
been obtained by two-hybrid analyses alone. Like the
yeast two-hybrid data sets, a comparison of the data
obtained from the two MS-based studies also showed
relatively poor agreement between them; furthermore,
little overlap between the yeast two-hybrid interaction
datasets and the MS datasets was observed [47].

Snyder and coworkers have provided a conclusive dem-
onstration that proteome microarrays can be used to
screen for protein-protein interactions [11]. For example,
39 calmodulin-interacting proteins were identified by
adding biotinylated calmodulin to a chip printed with the
majority of the yeast proteome. Within this set, several
expected calmodulin-binding proteins as well as 33 novel
calmodulin-interacting proteins were revealed. In a single
experiment, a new consensus binding site for calmodulin
was defined; an achievement that would not have been
possible without the comprehensive screening enabled
by the proteome microarray. Several of the interactions
with calmodulin were missed in the large-scale yeast
two-hybrid and/or the affinity purification-MS studies,
including the well-known interaction of calmodulin with
calmodulin kinase. Figure 4 demonstrates the reciprocal

Figure 4. Demonstration of re-
ciprocal interactions on protein
arrays. ldentical arrays were in-
cubated with either biotinylated
calmodulin (upper) or biotinylat-
ed calmodulin kinase (lower). De-
tection was carried out using
Cy5-labeled streptavidin  and
imaged on an Axon 4000B micro-
array scanner. Portions of the
arrays showing the interaction
of the calmodulin probe with the
duplicate spots of calmodulin
kinase on the array (upper) and
biotinylated calmodulin kinase

Cmklp

(Q'@llllodulill) (Q&hthiUhll with the duplicate spots of cal-
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modulin on the array (lower) are
presented.

kinase)
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nature of the interaction seen between calmodulin and
calmodulin kinase; the interaction is observed independ-
ent of which protein is present in solution and which is
bound on the surface of the array. Our experience has
been that >90% of protein interactions observed on our
proteome microarrays exhibit such reciprocity.

In ongoing experiments with the yeast proteome micro-
array, we have identified a number of protein-protein inter-
actions that to the best of our knowledge have not been
revealed by yeast two-hybrid or MS-based approaches
(data not shown). While we have also been able to verify
many protein-protein interactions that have been re-
ported using these methods, there have been others that
we have not been able to repeat on the yeast proteome
array. We recently carried out a study in which 20 pairs of
proteins that had been identified as interacting by both
yeast two-hybrid and MS were examined on microarrays
(Michaud et al., manuscript in preparation). The protein
pairs were also tested for interactions by carrying out
mobility shift assays in nondenaturing gels. Interestingly,
1/2 of the protein pairs did not show interactions in the
mobility shift assay; these same pairs also did not show
evidence of interactions on protein microarrays. On the
other hand, 9 out of the 10 interactions that were seen in
the mobility shift assay were also observed on microar-
rays. We conclude from these results that protein-protein
interaction data obtained on microarrays is highly reliable
in terms of sensitivity and specificity.

5.2 Antibody-specificity profiling

The use of antibodies as therapeutics, as well as the
growing field of proteomics and its demand for high-
throughput protein analysis, have been accompanied by
an increasing demand for large numbers of antibodies
with high specificities. An array containing every protein
for the relevant organism represents the ideal format
for an assay to test antibody specificity, since it allows
the simultaneous screening of thousands of proteins in
a single experiment. In a recent proof-of-principle of this
approach, we screened antibodies against 11 yeast pro-
teins with the yeast proteome microarray and found that,
in addition to recognizing their cognate proteins, the anti-
bodies cross-reacted with other yeast proteins to varying
degrees (Michaud et al., submitted for publication). Some
of the interactions of the antibodies with noncognate pro-
teins could be deduced by alignment of the primary
amino acid sequences of the antigens and cross-reactive
protein; however, these interactions could not be pre-
dicted a priori. We expect that similar types of results will
be obtained using arrays of proteins against other species
including human that are currently in development; thus,

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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pre-screening of antibodies on these arrays may become
a critical part of the development of more specific anti-
bodies for use in the clinic and in the laboratory.

5.3 Immune profiling

Proteome microarrays present a new and powerful ap-
proach to profiling the immune response by characteriz-
ing serum antibodies on a comprehensive scale. The pro-
cess for identifying antigens wich react with serum anti-
bodies is simple; probe the array with serum, wash, and
perform a secondary probing for (human) antibody. A
recent demonstration of this approach was reported by
Mezzasoma et al. who showed that arrays of microbial
antigens could be used to detect human IgG and IgM di-
rected towards these antigens in serum with good agree-
ment with conventional ELISA assays [48]. Such studies,
especially when applied to large populations, promise not
only a new level of understanding of immune response to
infection, but valuable information for directing the devel-
opment of new and improved vaccines and serodiagnosis
as aresult.

Joos and coworkers initially demonstrated the utility of
protein microarray technology for screening serum from
patients with autoimmune disease for antibodies to 18
autoantigens [30]. More recently, Robinson et al. ex-
tended this work to include arrays containing 196 known
autoantigens [49]. These studies used arrays of known
targets of certain types of autoimmune disease. The
autoantigens involved in other types of autoimmune
disease (e.g. inflammatory bowel disease and psoriasis)
are unknown. In principle, human proteome arrays could
be used in this way to identify new autoantigens, which
may help to guide the development of more efficacious
antigen-specific toleration therapies [50]. Similarly, recent
reports of autoantibodies against a number of antigens in
sera from patients with different types of cancer suggest
that protein microarrays with large numbers of tumor-
expressed proteins could facilitate the identification of
markers for cancer screening [51-54]. In some cases, as
with HER-2/neu, the cancer biomarkers may even be-
come therapeutic targets [55].

5.4 Protein-small molecule interactions

The ability to screen whole proteomes for drug binding
has important implications for the drug discovery and
development process, including helping to anticipate,
reduce, and eliminate adverse drug side effects. For
many drugs identified by cell-based screening, the mode
of action is unknown. By screening a proteome array with
drugs, candidate targets can be determined in a single
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experiment. MacBeath and Schreiber were among the
first to demonstrate this utility on protein arrays [29].
Specifically, they were able to show binding of the FK506
binding protein FKBP12 with several compounds with
disassociation constants in the micromolar to nanomolar
range. In Fig. 5, we show that binding of radiolabeled
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GTP can be detected with high sensitivity on microarrays
of GTP-binding proteins. Furthermore, a dose-response
analysis for one of the proteins on the array revealed
a close agreement with the published value for the
GTP disassociation constant of this protein. Finally, a
recent study by Fang et al. demonstrated that functio-
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nal G-protein coupled receptors in a lipid bilayer can
be reconstituted on glass slides and shown to bind
to specific ligands [56]. These results clearly show
the potential of protein arrays for high-throughput drug
screening for membrane-associated proteins, usually
considered to be the most intractable for these types
of analyses.

5.5 Other applications

The applications of proteome microarrays described
above represent only a few of the types of experiments
that have been carried out on these chips. For example,
the yeast proteome chip was also probed with lipo-
somes containing different phosphoinositides [11]. One
hundred fifty protein targets were identified showing
varying specificity dependent upon the head group; ap-
proximately 1/3 of these proteins were of unknown func-
tion, but over 50 were either membrane-associated or
involved in lipid metabolism. Proteome microarrays are
also an excellent means to comprehensively identify en-
zyme substrates. We have incubated proteome micro-
arrays with protein kinases and radioactive ATP and
been able to identify dozens of kinase substrates (data
not shown). This type of screening not only provides
interesting biological information, but is also a useful
tool for developing assays for proteins that have only
been predicted to have a particular enzymatic activity
based on sequence homology.

Although whole proteome arrays may represent the ulti-
mate in application flexibility, comprehensive subsets of
the proteome also have great utility. These subsets may
consist of portions of the proteome expressed in a par-
ticular tissue or subcellular compartment, or they may
make up families of proteins with related function. An
earlier example of this was the array of DNA-binding pro-
teins described by Ge [57]. More recently, Bedford and
coworkers reported the development of an array of 145
protein interaction domains (e.9. SH2, SH2, WW, PD2)
and demonstrated the specific binding of proteins from
cellular extracts to elements on the array [35]. Protein
kinases also represent a class of proteins that are of
great interest for pharmaceutical development; a com-
prehensive array of these proteins would certainly have
utility for development of new kinase inhibitors as well as
for profiling the specificity of existing inhibitors. Zhu et al.
purified 119 of the 122 kinases from the budding yeast
S. cerevisiae, screened the kinases with 17 substrates in
microwell-type arrays fabricated from silicone elasto-
mer, and demonstrated kinase inhibition [23]. Clearly,
the next step is to create a human kinase array in a simi-
lar manner.
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6 Conclusions and future prospects

A number of interesting parallels can be drawn between
the development of DNA microarrays and that of pro-
teome microarrays. Initially, DNA microarrays were lack-
ing in comprehensive content, required expensive equip-
ment and reagents for manufacturing and detection, and
had limited applications. As the utility of the technology
for understanding biology became more obvious, the
demand for comprehensive, yet less expensive, DNA
arrays grew. Today, DNA microarray technology is an inte-
gral part of the field of functional genomics. While pro-
teome microarrays have obviously not reached the stage
of maturity of DNA microarrays, recent developments
have shown that the technical barriers holding back the
technology can be surmounted with a sufficiently focused
effort. Comprehensive protein content has either been
created or is in the process of being created, the produc-
tion of whole proteome microarrays has been reduced to
practice, and numerous useful applications have been
described. The next generation of proteome microarrays,
possibly consisting of large numbers of human proteins,
is clearly not far off.

The most exciting prospect for the next generation of pro-
teome microarrays lies in the utility of these arrays to
address the drug discovery and development process.
Human sub-proteome arrays, such as tissue-specific
and disease-specific protein collections, will enable rapid
characterization of disease pathways for target and bio-
marker identification, validation as well as antibody and
drug profiling. Proteome microarrays from model organ-
isms and animal models of interest in drug research and
development will augment the target discovery, valida-
tion, selection, differentiation, and metabolic profiling
traditionally pursued with these systems. Pathogen pro-
teome arrays will also have applications in target identi-
fication and vaccine development and monitoring. The
application of this technology to the steps in the drug dis-
covery and early development processes that are the key
bottlenecks in the drug development continuum will lead
to more efficient and predictive selection and develop-
ment of new drugs.
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