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Advances in functional protein microarray technology
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DNA microarrays have become ubiquitous in genomic

research, evident by their widespread use in profiling

gene expression patterns, mapping novel transcripts,

detecting sequence mutations and deletions, and loca-

ting transcription factor binding sites. Although micro-

array experiments are invaluable for large-scale

sequence analyses, little can be inferred from these

studies about the functions of gene products. In con-

trast to the high-throughput (HT) experiments affor-

ded by DNA arrays, those designed to elucidate the

biochemical activities of encoded proteins have tradi-

tionally been carried out on single molecules. Recently,

significant effort has been made towards adapting

proteomic analytical methods for use with DNA

microarray technologies to enable the elucidation of

proteome-wide biochemical activities and interactions.

The large-scale characterization of protein complexes

generally involves (a) the separation of complex pro-

tein samples and (b) the subsequent identification of

individual proteins. Among the methods currently

available for proteome analysis are 1D gel electrophor-

esis (1D-GE) and 2D gel electrophoresis (2D-GE),

MS, affinity chromatography, N-terminal Edman pro-

tein sequencing, metal affinity shift assays, 15N isotope

labeling, and tandem affinity purification (TAP) tag-

ging [1] to isolate protein complexes from cell extracts.

Of these, protein separation by 2D-GE and subsequent

identification using MS have remained the two core

technologies for large-scale proteomics. The 2D-GE

method entails the separation of complex protein mix-

tures by molecular charge in the first dimension and

by mass in the second dimension. Although recent

advances in 2D-GE have improved the resolution and

reproducibility, the technique remains difficult to auto-

mate in a HT setting. For this reason, alternative

approaches that obviate the need for gel separation,

such as multidimensional protein identification tech-

nology [2], have gained popularity for large-scale

proteomics efforts and are able to generate a compre-

hensive catalog of proteins present in complex cell

extracts. HT protein analysis is expected to accel-

erate with the introduction of new robotic liquid
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Numerous innovations in high-throughput protein production and micro-

array surface technologies have enabled the development of addressable

formats for proteins ordered at high spatial density. Protein array imple-

mentations have largely focused on antibody arrays for high-throughput

protein profiling. However, it is also possible to construct arrays of full-

length, functional proteins from a library of expression clones. The advent

of protein-based microarrays allows the global observation of biochemical

activities on an unprecedented scale, where hundreds or thousands of pro-

teins can be simultaneously screened for protein–protein, protein–nucleic

acid, and small molecule interactions. This technology holds great potential

for basic molecular biology research, disease marker identification, toxico-

logical reponse profiling and pharmaceutical target screening.
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2D-GE, 2D gel electrophoresis; CV, coefficient of variation; ESI, electrospray ionization; HT, high-throughput; RCA, rolling circle amplification;

SELDI, surface-enhanced laser desorption ⁄ ionization; TAP, tandem affinity purification.
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chromatography systems and high-resolution analysis

methods such as top-down Fourier transform mass

spectrometry [3].

The use of MS for protein identification has come

into wider use with the advent of soft ionization tech-

niques, such as electrospray ionization (ESI) [4] and

MALDI [5,6]. Additionally, the emergence of hybrid

methods incorporating electrospray technology [7] with

quadrupole time-of-flight mass spectrometer tandem

mass analysis (ESI Q-TOF MS ⁄MS) allows more accu-

rate identification of specific proteins through the gen-

eration of collision-induced dissociation (CID) spectra

that yield accurate sequence tags from protonated

peptide ions. Recently, the range of mass spectrometric

applications has been extended by other tandem

approaches such as as MALDI TOF–TOF MS ⁄MS

[8,9] and MALDI Q-TOF MS ⁄MS [10].

Beyond the identification of individual proteins,

quantitative analysis of complex samples can be

accomplished through the use of surface-enhanced

laser desorption ⁄ ionization (SELDI) [11,12]. This

approach incorporates standard ionization techniques

on different surfaces, comprising a solid support modi-

fied with various chemical or biological bait molecules.

These may include antibodies, proteins, nucleic acids

and metal ions. The differential surface capture of sol-

ubilized protein samples provides a unique signature

that varies depending on protein composition. Unlike

MS techniques, SELDI is not able to identify specific

proteins in a complex sample. This is expected to

change in the near future through the combined use of

SELDI technology with tandem mass spectrometers.

Regardless of the methods used to measure and cata-

log an organism’s proteome, the majority of detection

and quantification methods result in denaturing of the

protein samples and thus functional characterization is

not possible. To obtain detailed functional informa-

tion, proteins must be cloned and expressed in recom-

binant form and subjected to systematic biochemical

analyses. Martzen et al. [13] developed a multiplexed

assay to characterize protein function on a large scale

through a divide-and-conquer strategy. The approach

entails the generation of pooled purified protein sam-

ples, which are then assayed in parallel for various bio-

chemical activities. Individual proteins that exhibit

specific activities in a pooled sample are identified

through a series of recurrent analyses of subpools. This

procedure allows the rapid identification of proteins

that participate in various biochemical pathways via a

divisive search through subpopulations of functional

proteins. An advantage of this method is that bio-

chemically active, multimeric protein complexes may

be identified in vitro; however, this does not represent

an exhaustive combinatorial search as only proteins

that happen to be present in a given pool may inter-

act.

Development of addressable protein
arrays

The ultimate goal of protein microarray development

is to construct ordered arrays of individual proteins to

assess biochemical activities on a single-molecule basis.

One solution has entailed the use of analytical arrays

for the purpose of protein profiling. These typically

comprise a library of peptides or antibodies arrayed on

the surface of a glass microscope slide [14]. In general,

protein profiling entails the measurement of binding

specificity, affinity, or abundance of proteins in a bio-

logical sample. To address this with microarrays

involves the construction of an array whose elements

are designed to capture, and thereby measure the bind-

ing specificity of, proteins present in a complex mixture

such as a cell lysate or serum sample. Array features

are typically antibodies that are mechanically printed

as independent purified samples, but may also be pep-

tides that are synthesized in situ. The latter technology

holds promise for the rapid screening of high-affinity

binding sequences and the identification of potential

drug targets.

The synthesis of individual peptides in situ can

be accomplished via photolithography, originally

described by Fodor et al. [15] and later applied to

oligonucleotide-based microarray fabrication [16].

Photolithographic peptide arrays involve the use of

photolabile phosphoramitides that enable deprotection

of the Boc group from an amino moiety, allowing poly-

mer synthesis to proceed at discrete array locations

when illuminated by a laser. Using this method, an

array of 1024 peptides was constructed and probed with

a mAb. Pellois et al. [17] developed an alternative tech-

nique that can make use of natural amino acids for

peptide synthesis, using a photogenerated acid to chemi-

cally deprotect the growing polymer chain upon expo-

sure to light.

A simpler approach to photolithography is described

by the SPOT protocol [18], in which a series of activa-

ted amino acids is mechanically deposited onto a por-

ous surface, thereby building the desired peptides

sequentially. SPOT is based on conventional solid-

phase synthesis chemistry, and may therefore be more

accessible in terms of implementation.

Recently, Li et al. [19] described a novel approach

to homogeneous in situ peptide synthesis based on a

common cyclic peptide scaffold. The procedure

involves the deprotection of NPPOC phosphoramitide
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groups to affect the addition of side-chains to a univer-

sal core molecule, which is presythesized and applied

to a silanized glass slide in a uniform manner. A lib-

rary of individual peptides can then be synthesized in

situ using maskless photolithography [20], in which a

spatially addressable array is fabricated through suc-

cessive photodeprotection using a bank of digitally

controlled micromirrors.

To date, most protein microarray systems have been

based on contact-printed antibody libraries that are

used for profiling complex analyte mixtures. The most

widely adopted strategy consists of a multiplex adapta-

tion of the classical antibody sandwich assay, where a

pair of antibodies binds two discrete recognition surfa-

ces on each protein [21,22]. In this procedure, an array

of antibodies, which have been immobilized through

covalent bonding to a silanized glass surface, is probed

with various analytes. A second biotinylated antibody

is then applied which binds to captured analytes, form-

ing an immune complex. The second antibody is finally

detected with a universal antibiotin antibody conju-

gated to a fluorophore. This approach has been used

to great effect for the simultaneous detection of mul-

tiple cytokine or chemokine levels in biological samples

[23]. The highly specific antibody–complex recognition

is ideal for detecting low-abundance cytokines and

holds much potential for clinical diagnostic applica-

tions and discovery of therapeutic drug targets [24].

A variation on this experiment utilizes rolling circle

amplification (RCA) to enhance the fluorescence signals

emitted from the immune complex [25]. In this method,

the detection antibody is not fluorescence-labeled but is

instead conjugated to oligonucleotides that serve to

prime the RCA reaction. Complementary circular oligo-

nucleotides are extended with DNA polymerase, produ-

cing RCA products that consist of tandem repeats.

Because these repeat sequences provide many redundant

hybridization targets, an amplification in fluorescence

signal is achieved when the RCA products are detected

with fluorescence-labeled complementary DNA probes.

An impediment to the further development of anti-

body array technology lies in the availability of high-

quality antibodies against the individual proteins in a

complex sample. At present it remains unfeasible to

obtain hundreds or thousands of different antibodies

that can recognize and capture various proteins with

high affinity and specificity – factors that are essential

for preventing cross-reactivity. The problem is com-

pounded when considering multiplex sandwich immu-

noassays, where two highly specific antibodies must be

obtained for each protein captured. These must also

recognize two different regions of the protein, each

without masking the other binding domain.

Although this issue may eventually be addressed by

new methods of HT antibody generation, several alter-

natives to protein capture have been developed that do

not rely on antibody recognition. Among the most

innovative of these involves imprinting technology to

create artificial molecular recognition surfaces [26,27].

Peptides that correspond to signal sequences in various

target proteins are used as a structural scaffold,

around which polymerizable monomers are allowed to

self-assemble. The monomers are crosslinked in place

and the template molecule is stably removed from the

complex. The cavity or imprint that remains is shape-

complementary to the original template and will there-

fore bind identical structures with high affinity. This

technology promises to accelerate antibody array

development by increasing the throughput of artificial

epitope production, although at present imprinting is

unable to mimic larger functional proteins or other

macromolecular structures.

The antibody array represents an excellent platform

for HT protein profiling. However, the large-scale

study of protein biochemistry using the microarray for-

mat requires the development of arrays of full-length,

functional proteins. HT protein production, combined

with technologies shared with the proven DNA micro-

array format, allow the simultaneous analysis of thou-

sands of protein activities in a single experiment. In

addition to enabling the inverse profiling experiment

where functional proteins can be interrogated with

individual antibodies [28], protein microarrays enable a

wide range of biochemical assays in response to any

solution-phase binder.

Array technologies for functional
protein analysis

The principal challenges in functional protein array

development comprise (a) creation of a comprehensive

expression clone library, (b) HT protein production,

including expression, isolation and purification, (c)

adaptation of DNA microarray technology to accom-

modate protein substrates, (d) ensuring the stability of

arrayed proteins, and (e) reduction of inter- and intra-

slide variability of protein concentration between

deposited samples.

By far the greatest obstacle in developing functional

protein microarrays is the construction of a compre-

hensive expression clone library from which a large

number of distinct protein samples can be produced

(Fig. 1). In building a clone library, it is desirable to

construct recombinant genes where fusion proteins can

be produced for the purpose of affinity purification

and ⁄or slide surface attachment. Cloning the genes of

Protein array technology P. Bertone and M. Snyder

5402 FEBS Journal 272 (2005) 5400–5411 ª 2005 FEBS



interest with an inducible promoter allows individual

proteins to be expressed in high abundance. HT purifi-

cation can be accomplished with the addition of C- or

N-terminal tags, such as glutathione-S-transferase or

the IgG-binding domain of Protein A. The incorpor-

ation of fusion tags also facilitates the verification of

clone inserts by sequencing across the vector–insert

junction. It is highly desirable to transform the expres-

sion vector into a homologous or related cell type,

ensuring the proper delivery of the protein product to

the secretory pathway and hence correct folding and

post-translational modification of each recombinant

protein.

Prototype formats for functional
protein arrays

A critical aspect of the development of arrays of func-

tional proteins is the selection of an experimental sup-

port and its associated method of surface attachment

and immobilization of proteins. If proteins can be

immobilized without disrupting their native conforma-

tions, they are likely to remain biologically active

in vitro. The method of immobilization will also greatly

influence the orientation in which proteins are attached

to the support surface. Engineering a common point

of attachment for all samples, typically through the

inclusion of affinity tags, ensures that at least a

subset of proteins maintain a uniform presentation to

solution-phase binders. The array format must be

compatible with appropriate detection instruments and

exhibit a wide dynamic range of intensity values asso-

ciated with protein binding or catalysis events. Addi-

tionally, nonspecific binding of labeled samples should

be minimized in order to reduce the background and

increase the signal-to-noise ratio of the experimental

platform.

The materials traditionally associated with conven-

tional protein assays are often incompatible with

robotic arrayers, cannot provide the sensitivity or

dynamic range expected from microarray experiments,

or contribute high fluorescence background resulting

in low signal-to-noise ratios. To circumvent these

problems, a number of innovative platforms have been

explored for prototyping the protein array format.

Among these, two make use of an agarose or acryl-

amide gel situated on glass slides, thereby combining

the utility of a solid support with the loading and

binding capacity of a porous gel matrix. These meth-

ods were originally devised to increase the potential

loading capacity of DNA samples on a planar micro-

array surface, but are generally applicable to a variety

of substrates, including nucleic acids, proteins and

small molecules.

Guschin et al. [29] developed arrays of polyacryl-

amide gel pads on a hydrophobic glass surface using a

combination of gel photopolymerization and manual

contact pin deposition. Three test proteins were loaded

onto the arrays – mouse IgG1, rabbit IgG and

BSA. Immunoanalysis of fluorescein isothiocyanate

A B C

Fig. 1. Example of high-throughput cloning strategies for expression library construction. (A) The construction of in-frame gene fusions used

by Zhu et al. [35,38] relies on gap repair-mediated recombination in yeast. Amplified ORFs are mixed with a linearized vector with ends that

are identical to those of the amplified DNA, and the mixture is transformed into yeast cells where the DNA is integrated. (B) Recombination

cloning based on the Gateway k-phage integration ⁄ excision system (Invitrogen, Carlsbad, CA, USA). Recombination between the k att P and

host att B sites yields an integrated phage with ends att L and att R. During excision, recombination between att L and att R sites regener-

ates att P and att B. Amplified ORFs with att B1 and att B2 sites undergo recombination with a donor vector containing att P1 and att P2

sites, producing the entry vector with att L1 and att L2 sites. Subsequent recombination with a destination vector containing att R1 and

att R2 sites allows transfer of the ORF into the expression vector, regenerating att B sites. (C) Expression clones are rescued into Escheri-

chia coli and verified by DNA sequencing.
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(FITC)-labeled IgG against mouse IgG1 demonstrated

selective binding when the arrays were imaged with

a fluorescence microscope. In a related study,

Mirzabekov and coworkers [30,31] experimented with

a copolymerized acrylamide–bisacrylamide substrate,

producing arrays of discrete gel pads of between 10

and 100 lm in diameter. In a later study, Kiyonaka

et al. [32] developed a method of supramolecular gel

formation as a spontaneous process that does not

require additional polymerization steps, using the

approach to develop a sensor array of fluorescent

metal anion and cation receptors in a glycosylated

amino acetate hydrogel matrix [33].

A study by Afanassiev et al. [34] explored the use of

a thin, uniform layer of agarose film on a glass surface

to achieve a similar effect. Activated agarose contain-

ing NaIO4 was applied to silanized slides, and samples

were mechanically deposited using a robotic micro-

spotter after the gel had solidified. A limited applica-

tion of this platform to protein-based assays

demonstrated the binding of mAbs to immobilized

recombinant human BAD protein, and reciprocally, of

recombinant human (rh)BAD to immobilized anti-

bodies in a sandwich immunoassay. Another approach

involved the use of a liquid silica compound to create

flexible sheets of microwell arrays in which biochemical

reactions are performed en masse. Zhu et al. [35]

devised a system of casting a silicone elastomer (poly-

dimethylsiloxane) onto a reusable mold of laser-milled

acrylic. After the microwell sheets had cured, various

molecules were immobilized to the interior surface of

the wells using the chemical crosslinking agent, 3-glyci-

doxypropyltrimethoxysilane.

Aside from demonstrating the technical feasibility of

protein immobilization and binding to various mole-

cules in vitro, it is essential to conduct biologically rel-

event experiments if protein microarrays are to become

an established research platform. To explore the utility

of microwell arrays for the detection of enzymatic

activities, Zhu et al. [35] focused on 119 protein kinases

from the budding yeast Saccharomyces cerevisiae

(95 known and 24 uncharacterized). Each of the pro-

tein kinases was expressed in recombinant form and

purified, then assayed for the ability to phosphorylate

17 substrate proteins. A total of 17 arrays were fabrica-

ted and one of the substrate proteins was immobilized

in every well; a different protein kinase was delivered

into each well in the presence of c-ATP to determine

which kinases were capable of phosphorylating the

given substrate protein. The arrays were incubated and

then washed such that all free enzyme was removed,

and the signal from the radiolabeled proteins in

each well were quantified using a phosphoimager. The

possibility that measurements originated from the

autophosphorylation of the kinases themselves was

discounted, as in each case the substrates were bound

in the wells while the enzymes remained free in solu-

tion; the wells were cleared of this reaction mixture

and washed prior to imaging.

In addition to detecting expected phosphorylation

activities, 27 protein kinases were found to be capable

of phosphorylating tyrosine after incubation with a

synthesized poly(tyrosine-glutamate) peptide. This find-

ing was significant as yeast protein kinases are gener-

ally known to phosphorylate only serine or threonine.

Phylogenetic analysis revealed sequence similarities

among the tyrosine-phosphorylating kinases that were

specific to several amino acids oriented in the catalytic

cleft and substrate-binding domain of the enzyme.

These appeared exclusively in the kinases that phos-

phorylated tyrosine and not in those that phosphoryl-

ated serine or threonine alone. Although it is likely

that most yeast protein kinases will preferentially phos-

phorylate serine or threonine in vivo, this study demon-

strated that protein arrays are sensitive enough to

reveal previously uncharacterized biochemical proper-

ties in a HT assay.

On balance, each of these formats retains a number

of important properties for proteomic experiments.

Microwells provide the ability to preserve native pro-

tein function by carrying out reactions in an aqueous

environment [35], while the hydrated gel matrix

approach [29–34] also immobilizes the proteins to

some degree. Any potential cross-contamination

between arrayed proteins is eliminated owing to phys-

ical barriers between them [35] or the spatial separ-

ation of discrete gel pads [29–33]. Each platform

affords a far greater loading capacity than the planar

surface of a glass slide, allowing experiments to be per-

formed at varying substrate concentrations. Finally,

the microwell format offers the potential to perform

complex, multistage experiments in solution if reaction

mixtures are exchanged using microfluidic robotics.

Contact-printed functional protein
microarrays

Although these approaches offer numerous technical

advantages, increasing attention has been paid to

adapting existing glass-slide microarray technologies for

use with proteins. As a result, the practice of printing

directly onto chemically treated glass surfaces, apart

from their indirect function as a solid support, is now in

wider use for protein arrays. The principal motivating

factor for using glass slides is to take advantage of

robotic microspotting arrayers and laser scanners that

Protein array technology P. Bertone and M. Snyder
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have become commonplace for DNA microarray fabri-

cation and image acquisition, respectively. The standard

microarray format therefore affords the opportunity for

a broader range of investigators to adopt HT proteomic

formats using existing DNA microarray construction

and analysis equipment.

A number of different chemical treatments are

suitable for the immobilization of proteins on glass,

including poly(l-lysine), aldehyde, nickel, epoxy, avidin

and nitrocellulose (Table 1). The choice of surface

chemistry will determine the method of protein attach-

ment to the functionalized support, which in turn will

influence whether the proteins require modification

prior to arraying. Amine-reactive coatings (e.g. 3-amino-

propyltriethoxysilane) do not require proteins to be

modified for effective immobilization, as covalent

attachment is achieved through the random crosslinking

of amine groups. Protein attachment to either nickel- or

avidin-coated slides is made through affinity binding to

histidine residues or biotin, respectively, and therefore

requires a recombinant approach to construct fusion

proteins [36].

The advantage of noncovalent immobilization is

that because attachment takes place exclusively at the

affinity tag, a significant subset of proteins will be

immobilized in a presumably uniform orientation

where their functional domains are exposed to solution

and available to interact with the labeled sample.

Other membrane-based solutions, such as fluorescent

array surface technology slides (Schleicher & Schuell

BioScience, Dassel, Germany), facilitate protein immo-

bilization through passive adsorption on a nitro-

cellulose surface, and in many cases yield superior

signal-to-noise ratios in comparison with poly(l-lysine)

or aldehyde-treated slides (Fig. 2).

Robotic printing of protein microarrays

Constructing microarrays from purified proteins is

more challenging than building their DNA counter-

parts. Aside from the complexities of preparing hun-

dreds or thousands of individual protein samples, the

proteins must remain active during the manufacture

and probing of microarrays. This entails keeping pro-

tein samples in cold storage for as long as possible,

and arraying them in a glycerol solution to maintain

their native state on the slide surface. The procedures

used for printing protein arrays are similar to those

developed for DNA arrays [37], but with several

important differences, discussed below.

DNA samples are arrayed in a high-humidity cham-

ber by a robotic microspotter. Although the same

equipment can be used to print protein arrays, individ-

ual samples are typically handled in a 30–35% glycerol

solution to prevent denaturing, and arrayed at concen-

trations in the range of 0.3–1 mgÆmL)1. As glycerol is

hygroscopic, care must be taken to reduce the ambient

humidity to 28–30%; this differs from the 45% humid-

ity environment in which DNA arrays are usually prin-

ted. Printed spots of protein–glycerol solution will

absorb moisture from the air in high-humidity environ-

ments and begin to expand on the slide surface. This

can lead to cross-contamination of samples if the pro-

teins are arrayed at high spatial density.

The diameter and pitch (the spacing between sam-

ples) of spots can remain similar to the parameters used

for printing DNA microarrays, although this will

depend on the type of slides used and the viscosity of

the buffer. For example, epoxy-coated slides provide

more efficient protein attachment, which generally

allows for higher-density printing. Pilot studies should

be carried out to determine the appropriate printing

density for a given sample preparation and surface

chemistry, adjusting the pitch from a more conservative

spacing of 1000 lm down to a minimum of 300 lm.

Depending on the number of pins used (typically

between 16 and 48), a 300 lm pitch allows up to 20 000

individual protein samples to be printed on a standard

microscope slide, yielding � 1600 features per cm2

where each feature is 150 lm in diameter. (Fig. 3C).

As with DNA arrays, fabrication precision should

be assessed relative to the printing consistency across

Table 1. Surface chemistries for glass slide protein microarrays.

Surface chemistry Protein attachment

Protein

orientation

Modifications

required

Epoxy Covalent crosslinking Random None

Aldehyde Covalent crosslinking Random None

Poly(L-lysine) Adsorption Random None

Nitrocellulose Adsorption, absorption Random None

Poly(vinylidene difluoride) Adsorption, absorption Random None

Avidin Affinity binding Random Biotinylation

Nickel-nitrilotriacetic acid Affinity binding Uniform His6 fusion

P. Bertone and M. Snyder Protein array technology
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all of the features on the array, consistency between

features from multiple arrays, and the uniformity of

sample concentrations. This is typically measured as

the coefficient of variation (CV), which estimates the

reproducibility of printing as the standard deviation

over the mean fluorescence signal intensity. For func-

tional protein arrays prepared from individual purified

samples, intra-array CV measurements fall in the range

of 15–20%, and are a measurement of both the variab-

ility in protein concentrations and the pin-to-pin con-

sistency of sample deposition during the printing cycle.

Inter-array CVs over all protein samples from replicate

slides are typically lower, in the range of 12–15%.

Much of the variation in sample concentration is

attributed to the expression and purification of low-

abundance proteins, whereas printing variation can

arise as a function of the order in which samples are

arrayed during long print runs.

The incorporation of an epitope tag, such as gluta-

thione-S-transferase, is invaluable for HT affinity puri-

fication, and also allows the global quantification of

protein signals by probing the array with a fluor-conju-

gated antibody [38]. This measurement is used to cal-

culate the ratio of the probe-binding signal relative to

the baseline fluorescence intensity of each spot on the

array. As the relative concentrations and deposited

amounts of protein samples will vary slightly, compu-

ting the fluorescence values in terms of intensity ratios

enables the application of statistical methods similar to

those used for DNA microarray data analysis [39].

Detecting biochemical interactions

Depending on the type of assay being performed, pro-

tein–substrate binding or catalysis can be detected via

fluorescence labeling, chemiluminescence, radioisotope

Fig. 2. Contact-printed functional protein microarrays. (A) Control proteins are spotted in a dilution series and illuminated with fluorescein-

labeled antibodies. (B) Protein–protein interaction assays reveal specific binding targets. (C) Detection of lectin modifications across the yeast

proteome.

Protein array technology P. Bertone and M. Snyder
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labeling, or label-free methods, such as surface plas-

mon resonance imaging, atomic force microscopy or

reflectometric interference spectroscopy. Fluorescence

labeling is generally preferred as a safe and efficient

method for HT analysis that is compatible with cur-

rent microarray laser scanners. The detection of pro-

tein binding, as described in Zhu et al. [38], involves a

two-step process similar to that used for multiplex

sandwich immunoassays. First, the sample used to

probe the array is biotinylated using a simple cros-

slinking method. To perform the experiment, the

microarray is incubated with a solution containing the

biotinylated sample, washed, then incubated a second

time in the presence of a fluorescent streptavidin mole-

cule. The actual protein interactions are formed during

the first incubation; subsequent binding of the strept-

avidin–fluor conjugate to the biotin label then allows

specific interactions to be detected using a standard

microarray scanner.

A simpler approach can be employed by attaching a

fluorophore directly to the solution-phase binder used

to probe the array, provided that the label does not

A

B

C

Fig. 3. Detecting biochemical interactions on protein arrays. (A and C) Protein–protein interactions were detected with fluorescein-labeled

antibodies to specific proteins. In this case, BODIPYFL–IgG, Cy3–IjBa and Cy5–FKBP12 identify the presence of protein G, p50 and FKBP–

rapamycin-associated protein, respectively [40]. (B) Phosphoinositide-binding specificity to functional proteins is determined in a phospholipid

probing assay. The detection of protein–protein and protein–lipid binding [38] involves a two-step process. First, the sample used to probe

the array is biotinylated using a simple crosslinking method. To perform the experiment, the microarray is incubated with a solution contain-

ing the biotinylated sample, washed, then incubated a second time in the presence of a fluorescent streptavidin molecule. The actual protein

interactions are formed during the first incubation; subsequent binding of the streptavidin–fluor conjugate to the biotin label then allows

these interactions to be detected using a microarray scanner. A simpler approach can also be employed by attaching a fluorophore directly

to the solution-phase binder used to probe the array. Proteins can be labeled using amine-reactive dyes, where the succinimidyl ester moiet-

ies react with the primary amines of the protein to form stable conjugates.
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mask an active site or binding domain of the sample

molecule. Proteins can be labeled directly using amine-

reactive dyes, where the succinimidyl ester moieties

react with the primary amines of the protein to form

stable conjugates. The labeled protein can then be

purified using size-exclusion spin columns and applied

to the array for the detection of protein–protein inter-

actions. Of course, other molecules can be applied to

functional protein arrays to assess different molecular

interactions, such as protein–DNA binding. Fluores-

cence labeling of DNA can be achieved in a variety of

ways, such as through direct incorporation of fluores-

cent-labeled nucleotides during reverse transcription,

or by secondary conjugation of amine-reactive succin-

imidyl esters to 5-(3-aminoallyl)-dUTPs.

Functional protein arrays in use

The first study reporting the use of contact-printed,

glass-slide protein arrays was described by MacBeath

& Schreiber [40], who investigated the binding activit-

ies of three known pairs of interacting proteins

(Fig. 3A). One protein of each pair was printed in

quadruplicate onto aldehyde slides, and the arrays

were probed with the labeled partners. The group also

explored various feature densities of printed protein

samples, successfully arraying a single protein as

10 800 discrete features on a standard microarray slide

(Fig. 3C). Importantly, the researchers were able to

quantify the concentrations of the bound and solution-

phase proteins necessary to carry out the experiments.

Sample concentrations between 100 lgÆmL)1 and 1 mgÆ
mL)1 were found to be suitable for protein immobi-

lization and detection, whereas solution-phase proteins

at concentrations of � 12.5 pm yielded fluorescence sig-

nals that scaled linearly over four orders of magnitude.

Thus, these experiments demonstrated the feasibility of

arraying proteins in a standard microarray format and

at feature densities comparable with those of contact-

printed DNA arrays.

A subsequent study by Zhu et al. [38] described the

development of a yeast proteome microarray contain-

ing the full-length, purified expression products of over

93% of the organism’s complement of 6280 protein-

coding genes. A total of 5800 ORFs were cloned as

glutathione-S-transferase::His6 fusions, and expressed

in their native cells under a Gal-inducible promoter.

Following HT purification, each protein sample was

printed in duplicate onto glass slides using a standard

robotic microspotter, at a feature density of 13 000

samples per array. This work represented the first sys-

tematic cloning and purification of an entire eukaryotic

proteome, as well as the first large-scale functional

protein array comprising discrete functional proteins.

A number of protein attachment chemistries were eval-

uated, including aldehyde and nickel surface treatment.

Aldehyde surfaces promote the covalent attachment of

proteins by their N termini, although a concern with

this method is that the random crosslinking of primary

amines may disrupt the tertiary structures of some pro-

teins. An alternative approach employed nickel-coated

slides, attaching proteins via the incorporated His6 tag.

This yielded higher signal-to-noise ratios, presumably

because fewer proteins were denatured after nickel

attachment and their functional domains were more

likely to be oriented uniformly away from the slide

surface. Over 90% of the samples were found to yield

significant fluorescence signals over background levels,

in the range of 10–950 fg of protein.

Several different experiments were performed with

the arrays, including a calmodulin-binding survey to

assess protein–protein interactions and a large-scale

screen for phospholipid-binding specificity. In the

latter analysis, self-assembling phosphatidylcholine

liposomes were incubated with five different phos-

phoinositide species and 1% biotin to form a series

of biotinylated phospholipid probes (Fig. 3B). Proteo-

me-wide microarray experiments identified 150 lipid-

binding proteins, of which 52 were uncharacterized.

In particular, the array-based interaction assays iden-

tified sets of proteins that demonstrated preferential

binding to one or more phosphoinositides, apart

from those that bound all of the phospholipids with

equal affinity. As phosphoinositides are important

components of membrane structures and second-

messenger pathways, these types of protein–lipid

interactions constitute a significant class of biochemi-

cal functionality.

Further applications of protein arrays

In many cases, complex proteomic experiments may

benefit from the combined application of multiple ana-

lytical techniques. In a study by Huang et al. [41], a

chemical genetic approach was used for the develop-

ment of a screen for small-molecule inhibitors and

enhancers of rapamycin, a peptide exhibiting a variety

of functional roles in nutrient metabolism and cell

cycle progression in eukaryotes. Following the identifi-

cation of candidates, yeast proteome arrays [38] were

interrogated with two biotinylated rapamycin-inhibi-

tory molecules to identify their potential target pro-

teins. Each was observed to bind multiple target

proteins in addition to phosphatidylinositides. Analysis

of various phenotypes revealed which binding events

represented biologically meaningful interactions.
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A combined experiment involving the use of protein

and DNA microarrays was recently described for the

systematic identification and location analysis of

transcription factor proteins. Hall et al. [42] assayed

the yeast proteome in search of novel DNA-binding

proteins by probing the protein microarrays with labe-

led yeast genomic DNA. A total of 200 DNA-binding

proteins were identified, half of which were known, or

expected, to bind DNA. Of these, eight candidates

were subjected to chromatin profiling via the ChIP-

chip method [43], which is designed to identify tran-

scription factor binding sites in genomic DNA. This

technique entails the immunoprecipitation of specific

protein–DNA complexes using antibodies against a

native transcription factor protein or epitope tag. The

immunoselected DNA is then sonicated, labeled and

used to interrogate a DNA microarray representing

intergenic or total genomic regions, thereby revealing

the locations of transcription factor binding along a

chromosome. ChIP-chip analysis on yeast intergenic

arrays revealed Arg5,6, a mitochondrial enzyme

involved in ornithine biosynthesis, to bind DNA at

specific nuclear and mitochondrial loci. Altered gene

expression levels were observed in Arg5,6 deletion

mutants, further indicating its role as a transcriptional

regulator.

Conclusions

The advent of protein-based microarrays allows the

global observation of biochemical activities on an

unprecedented scale, where hundreds or thousands of

proteins can be simultaneously screened for protein–

protein, protein–nucleic acid, and small molecule inter-

actions, as well as post-translational modifications.

Advances in HT separation techniques offer the poten-

tial for arraying proteins directly, although these tech-

nologies are at an early stage of development. Ouyang

et al. [44] explored the separation, deposition and ana-

lysis of individual proteins from complex samples

using ion soft landing and MS. In this study, a mixture

of four proteins was introduced into a mass spectro-

meter by ESI. The proteins were then separated by

their respective mass-to-charge ratios and independ-

ently deposited onto a gold substrate via ion beam

focusing. Two methods of analysis were explored. Ini-

tially, the arrays were rinsed with a methanol ⁄water
solution and the mixture analyzed by ESI-MS. It was

later found that the deposited proteins could be ana-

lyzed in situ by MALDI-MS.

Although automated mass-spectrometric separation

and deposition remains a promising technology for

protein microarray assembly, it is unclear whether soft-

landing techniques can be applied en masse to the wide

range of proteins constituting the entire proteome of an

organism. At present, it seems clear that a well-curated

expression clone library allows researchers to maintain

the quality and identity of every protein under investi-

gation. Additionally, MS may disrupt low-affinity bio-

molecular interactions, or even denature individual

proteins, prior to experimental analysis. Ramachandran

et al. [45] recently described an in vitro transcription

and translation system that can generate proteins from

a PCR product. The reactions are carried out in paral-

lel directly on a solid support, through the use of affin-

ity tags to anchor the products to the surface. The

main drawback of this approach is that some proteins

may not be properly folded and modified outside their

native cellular environment. Ultimately, both of these

developments offer the potential to reduce the time and

complexity involved with the cloning and purification

of individual proteins as a prerequisite to constructing

functional protein microarrays.

In terms of assessing protein–protein interactions,

protein microarray experiments can be qualitatively

compared with the two-hybrid assay [46,47]. However,

microarray experiments afford the ability to control

the environmental parameters of an experiment, such

as ion concentration, buffer pH, and the addition of

reaction cofactors, in a precise and reproducible man-

ner. Additionally, because microarrays exploit parallel

interrogation to acquire many individual measurements

on the same physical platform, the resulting data can

be subjected to rigorous statistical analyses and tested

for accuracy and reproducibility. Thus, protein-based

microarrays provide the ability to characterize the bio-

chemical functions of thousands of proteins in a paral-

lel, quantitative format.
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