[Frontiers in Bioscience 14, 4376-4385, January 1, 2009]

Protein microarrays: potentials and limitations

Thomas Joos', Jutta Bachmann®

INMI Natural and Medical Sciences Institute at the University of Tuebingen, Markwiesenstr, 55, 72770 Reutlingen,

Germany, *Nokkefaret 12, 1450 Nesoddtangen, Norway
TABLE OF CONTENTS

1. Abstract
2. Introduction
3. Potentials and limitations of protein microarrays
3.1. Protein microarray formats and applications

3.2. Protein expression analysis using forward phase protein arrays

3.3. Protein interaction studies
3.4. Reverse phase microarrays
4. Summary
5. References

1. ABSTRACT

Protein microarray technology has made
enormous progress in recent years. It has been successfully
applied for the identification, quantification and functional
analysis of proteins in basic and applied proteome research.
Protein microarrays have the potential to replace singleplex
analysis systems. A variety of different analytical platforms
have been developed that are likely to evolve into key
technologies for the characterisation of complex samples.
However, in contrast to well-established DNA microarrays,
the robustness and automation needs to be demonstrated
before protein microarray technology will reliably be
integrated into high-throughput and routine applications. In
this review we will summarise the current stage of protein
microarray technology. Recent applications used for the
simultaneous determination of a variety of parameters from
a minute amount of sample will be described and future
challenges of this cutting-edge technology will be
discussed.
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2. INTRODUCTION

After the completion of the human genome
sequencing project, DNA microarrays and sophisticated
bioinformatics platforms enabled scientists to take a global
view of biological systems. In today's ‘omics’ era, protein
microarray technology, the basic principles of which were
already described in detail by Roger Ekins in the 1980s (1),
is becoming a powerful tool for analysing the expression of
a large number of proteins simultaneously. The technology
can also be used to screen entire genomes for proteins that
interact with particular factors, catalyse particular reactions,
act as substrates for protein-modifying enzymes and/or as
targets of autoimmune responses. A variety of different
platforms have been developed for measuring large
numbers of parameters from a minute amount of sample.
Protein microarrays have a huge potential to be applied in
basic research, drug target/biomarker discovery and
validation, drug development as well as in clinical trials
and diagnostics. Especially within the growing expectations
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within the field of personalised medicine, protein
microarrays will be very valuable and powerful tools
towards the goal to provide safer treatments tailored to
individuals, and with a greater degree of success, at lower
cost. In its Critical Path Initiative Fact Sheet, the FDA
outlines its “goal [...] to stimulate the development of
powerful new scientific and technical tools -- such as
proven biomarkers, innovative clinical trial designs,
simulation models of physiology and disease processes, and
manufacturing quality assessment methods -- capable of
rapidly predicting the safety, effectiveness, and quality of
new medical products” (2).

Today, protein arrays are used to identify panels
of biomarkers or to screen large number of patient samples
for limited sets of biomarkers (3). Biomarker testing can
help to considerably reduce the time of drug development.
More effective drugs as well as early detection of adverse
effects can be identified earlier in the drug development
process (4, 5).

Nevertheless, the avenue to success has been all
but easy. Although DNA microarrays have become well-
established high-throughput hybridisation systems that are
able to generate large amounts of mRNA expression data
within just one experiment, one has to take into account
that there is no absolute correlation between mRNA levels
and corresponding protein levels (6). More sophisticated
and higher throughput technologies for the expression
analysis of large sets of proteins are being developed to
overcome the gap between genomics and proteomics. One
of these technologies is protein microarray-based assays.
Despite the promise they offer, protein microarrays are still
associated with numerous unsolved problems, not least due
to the complex nature of the proteins.

3. POTENTIALS AND LIMITATIONS OF PROTEIN
MICROARRAYS

A microarray is a collection of miniaturised test
sites that allows many tests to be carried out simultaneously
in order to achieve higher throughput and speed. The most
familiar format is the 2-dimensional format in which the
miniaturised test sites are placed on a microscopic glass
slide. However, multiplexed bead-based assay platforms,
i.e. three-dimensional formats, are becoming increasingly
popular because an enormous amount of quantitative
information can be obtained with considerable savings in
labour and sample volume (7).

Currently, the greatest challenge and difficulty in
assembling protein microarrays is still the provision of
adequate capture molecules. These capture molecules must
be able to capture a single type of protein, even if expressed
at low levels, from a sample containing tens of thousands
of different proteins in concentrations that differ more than
seven orders of magnitude (for a review on protein
microarray applications see Stoll et al. 2005 (8)). Whereas
suitable capture agents can easily be designed for DNA
microarrays, proteins are a lot more difficult to handle.
DNA binds the complementary DNA targets according to
the base-pairing principle, which is quite straightforward.
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Prediction of specific DNA capture sequences is easily
possible on the basis of the primary sequence of the target
DNA. Furthermore, high-throughput oligonucleotide
synthesis and PCR-based approaches are excellent tools for
the fast and cheap generation of DNA capture molecules. In
contrast, it is virtually impossible to predict high-affinity
capture agents for proteins on the basis of their amino acid
backbone due to the proteins’ complex tertiary structure
and diverse interaction possibilities. Strong electrostatic
forces, hydrogen bonds, hydrophobic van der Waals
interactions often act in combination. The situation is made
even more difficult by the proteins’ ability to
simultaneously interact with different binding partners and
complex formation as well as post-translational
modifications such as glycosylation or phosphorylation.
Large sets of candidate capture molecules must be screened
before suitable capture molecules can be assigned to their
specific target molecules. All of the aforementioned
features show that the idea of a cost-effective and fast high-
throughput generation of highly-specific, high-affinity
protein capture probes and targets is a tedious business. But
considerable progress has in the meantime been made.
Capture agents can be generated from a variety of sources
including monoclonal and polyclonal antibodies,
recombinant antibody technology (9), as well as scaffolds
(10) and aptamers (11) are promising approaches to enable
the high-throughout generation of appropriate content. But
although these technologies have been available for many
years, and it is in principle possible to generate capture
molecules against each and every potential target molecule,
we still see only "unicums" being developed and we still
have to wait for the global content providers. Molecular
imprints are an interesting alternative, generated through an
extremely diverse set of building blocks (12). However, a
prerequisite of all the different ways to generate appropriate
capture molecules always is that the antigen of interest is
available. So far, it is impossible to predict high-affinity
capture molecules for proteins from their primary amino
acid sequence.

3.1. Protein microarray formats and applications

Protein microarray-based assays can be grouped according
to different formats and types of applications. Forward
phase protein microarray assays are currently the most
popular. In this case, arrays of well-defined capture
molecules immobilised on the carrier allow the
simultaneous analysis of large numbers of different
parameters from a single sample. Examples of forward
phase microarray assays include antibody microarrays used
to identify and quantitate proteins of interest (like cell
signalling molecules and biomarkers) and affinity arrays
used to study the interactions between proteins and
immobilised binding molecules such as proteins, peptides,
low molecular weight compounds, oligosaccharides or
DNA (7, 8, 13). The second type of protein microarrays is
reverse phase arrays in which a multitude of different
samples such as tissue or cell lysates are immobilised in a
microarray format (reviewed in 14, 15). The individual
microspots contain the whole proteome repertoire of the
tissue or cell. Highly-specific antibodies or other single
soluble probes are used to simultaneously screen these
microspots for the presence or absence of distinct target
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Table 1. Antibody microarrays used in protein expression analysis (7, 8)

Objective of study Reference

Detection of altered protein levels of LoVo colon carcinoma cells after ionising | 65

radiation treatment

Cancer-specific alterations 66

Identification of potential biomarkers in patients suffering from prostate cancer 67

Post-translational modifications 68

Protein phosphorylation 69

Analysis of the composition of the CD antigen level in leukaemia cells 70

Identification and characterisation of multiple antigen-specific T cell populations using | 71

peptide MHC complexes

Comparison of malignant and adjacent normal breast tissue 72

Clontech: Antibody arrays http://www.clontech.com
SIGMA: Panorama antibody arrays http://www.sigmaaldrich.com
Panomics: Interaction arrays' http://www.panomics.com

"For further information about microrarray companies and institutions please refer to www.biochipnet.com

Table 2. Early examples of successful multiplexed sandwich immunoassays'

Study Reference
Quantification of 150 different cytokines 19
Rolling circle technology for ultrasensitive antigen detection 15
Expression profiling of nearly 70 cytokines in patients suffering from renal cell cancer | 73
Use of photoaptamers for the simultaneous measurement of multiple serum proteins 74
Multiplex antibody arrays in quantitative proteomics 75
xMap technology for measuring inflammatory markers 76
Clinical applications of multiplexed cytokine sandwich immunoassays 77
Comparison of sold-phase and bead-phases cytokine immunoassays 22
validation of a multiplex add-on assay for sepsis biomarkers 78
'in the meantime many more have been added
Table 3. Bead-based systems for multiplexed ligand-binding assays

Objective Reference
Detection of human cytokines in a sample of stimulated peripheral blood mononuclear | 79
cells

Measurement of HIV-1 antigens in newborn dried blood-spot specimens 80
Detection of simulants of biological warfare agents 81
Measurement of human cytokines 82
Quantification of immune mediators 83
Binding specificities in highly multiplexed bead-based arrays 84
Detection of soluble cytokines in blister fluid 85

proteins (reviewed in 14, 15). Reverse-phase arrays allow
the screening of a large collection of tissue or cell lysates
with a large number of patient sera or antibodies requiring
only low amounts of sample.

3.1. Protein expression analysis using forward phase
protein arrays

Protein array-based assays can be performed
using a two-colour labelling approach, which has been
successfully applied for mRNA expression analysis. For
example, two different protein samples labelled with two
different fluorophores are incubated on an antibody
microarray. Bound molecules are visualised using dual
wavelength fluorescence and reveal immediately the
difference in target protein concentration. Table 1 shows a
selection of antibody microarray experiments used for the
analysis of protein expression. This direct labelling
approach can, at least in principle, capture thousands of
proteins when high-density antibody microarrays are used.
However, as aforementioned, the lack of highly specific
capture molecules and the lack of sensitivity for low-
abundance proteins are still some of the major drawbacks
of this approach and prevent the technology from becoming
a sincere alternative to alternative methods, e.g.
miniaturised and parallelised sandwich immunoassays. The
growing demand in research and clinical applications for
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the simultaneous analysis of an increasing number of target
proteins can be achieved with the development of highly
sensitive miniature sandwich immunoassays (7, 16 — 23;
Table 2). Apart from such planar microarrays, bead-based
systems are an excellent alternative when the number of
parameters that need to be determined is rather low. Such
systems involve different colour- or size-coded microspheres
or beads as the solid support for the capture molecules. These
beads are subsequently analysed in a flow cytometer. Adequate
reporter systems provide information about the amount of
captured target protein. The sensitivity, reliability and accuracy
of the bead-based system is similar to that of ELISAs. One
hundred different colour-coded beads are commercially
available from the American company Luminex (xMap
technology) that have been shown their value in determining
the concentration of cytokines or antibodies in biological
samples for example (Table 3). Based on the Luminex
technology, several companies are offering a constantly
growing list of ready-to-use multiplexed sandwich
immunoassays for the quantification of cytokines and call
signalling molecules and the analysis of kinase activities
(go to www.luminexcorp.com for more information on
Luminex partners). BD Biosciences offers an alternative
bead-based system that discriminates between different
bead sizes and relies on two-colour detection, hence
enabling the design of more complex assays.



Table 4. Interaction studies using protein microarrays

Objective Reference
Yeast proteome chip containing recombinant protein probes of 5800 ORFs 36
Specificity and cross-reactivity screening of antibodies using high-density protein | 87
microarrays

Glass-chip based high-density protein microarray from 2413 non-redundant purified | 88

human fusion proteins with a spot density of 1600 proteins/cm2

Detection of functional differences between p53 oncogene and mutated pS3 oncogene 89

Protein interaction network for ErbB receptors 43

SH3 domain protein-binding arrays 42

Protein mciroarrays are an excellent tool for the
diagnosis of autoimmune diseases, in which patients are
screened for the presence or absence of a broad range of
autoantibodies (4, 24-31). While some of the companies
have even received FDA clearance for their test kits, it will
most likely still take a while before such multiplexed
systems will be able to enter the highly competitive
diagnostics market in which immunoassays are highly
automated. In addition, if only a few parameters have to be
analysed from a sample, which is often the case in clinical
settings, then microarrays are not the method of choice. We
will see whether the growing number of diagnostic
parameters and growing understanding of systems biology
and cellular networks will result in a therapeutic relevance
of protein microarray generated results.

3.1. Protein interaction studies

Protein microarrays have become
complementary tools for studying protein interactions in
vivo, in particular for the analysis of protein-protein,
enzyme-substrate, protein-DNA, protein-oligosaccharide
and protein-drug interactions. Low and high density
protein, peptide and small molecule arrays have been used
to investigate the binding of small chemical ligands,
proteins, DNA and RNA to their binding partners (32-37).
Examples of early interaction studies using protein
microarrays are listed in Table 4. Whereas protein
interaction studies involving full-length proteins allow the
identification of interaction partners under experimental
conditions, they will not provide information about the
interaction sites. This kind of information can be provided
by protein domain arrays (38-43). Jones and colleagues
(43) used protein microarrays comprising basically all Src
homology 2 (SH2) and phosphotyrosine binding (PTB)
domains encoded in the human genome to measure the
equilibrium dissociation constant of each domain for 61
peptides  representing  physiological sites of tyrosine
phosphorylation on the four ErbB receptors. Miniature
multiplexed assay systems are also suited for measuring kinase
activity and specificity in a single experiment (44-46). Another
promising application is carbohydrate microarrays. The
interaction of proteins and carbohydrates, which are the key
components for glycoproteins, glycolipids and proteoglycans,
are essential for many biological processes (tissue growth and
repair, cell-cell adhesion and inflammation, fertilisation, viral
replication, tumour cell motility and progression, etc.). They
might therefore be useful tools in the determination of
different kinds of infections (47-51). Protein microarrays
have also been shown to be valuable tools in drug screening
processes, in which the identification of drug candidates
depends on the immobilisation of small organic compounds
and the subsequent screening for receptor-ligand
interactions (52, 43, 53).
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In recent years, label-free protein arrays have
been developed which also provide kinetics information as
well as enable in situ identification. A recent article by Yu
et al. summarises the most important label-free detection
methods such as surface plasmon resonance imaging,
atomic force microscope applications, electrochemical
impedance and mass spectrometry (54).

3.1. Reverse phase microarrays

Reverse phase microarrays have become a
popular screening method because of the low amount of
sample used and because they enable the more effective
validation of candidate biomarkers. A large collection of
tissue or cell lysates can be screened with a large number of
antibodies or patient sera (55, 56). Proteins representing a
millionth (1/1,000,0000) fraction within a microspot can be
detected in such a complex protein mixture. Two major
problems are the lack of PCR-like amplification systems
for proteins for the analysis of lower abundant molecules,
such as is available for DNA, and the lower sensitivity of
protein microarrays. It has been shown that the separation
of proteins prior to detection enhances detection sensitivity
(57, 58).

Efforts are undertaken to increase protein-
binding affinity by developing suitable array substrates
(59). The advantages of reverse phase microarrays are that
there is no need to label the sample proteins, an approach
that is able to speed up the early drug profiling process. The
CalLyA Cell Lysate Arrays commercialised by the
company Zeptosens — a Division of Bayer AG in
Switzerland are able to detect a defined set of proteins using
multiplexed, direct affinity assays in a much higher throughput
than is possible with traditional Western blots. Ciphergen’s
SELDI (surface enhanced laser desorption ionisation)
approach requires a mass spectrometer for read-out (60). The
SELDI technology is suitable for the rapid detection of
differences in total protein content of different samples, but is
has its limitations with respect to the detection of high-
molecular weight proteins or membrane proteins. Although
this approach is useful for the identification of unknown
protein biomarkers (61), it has a lower sensitivity than
sandwich immunoassays (62). Other reverse phase approaches
have been put forward by Y. Wang in 2004 (63) who
developed an immunostaining method that enables the
simultaneous detection of a large number of different proteins
in one immobilised cell type (dissociable antibody arrays). As
things stand, tissue microarrays currently seem to be the
most advanced reverse screening method. It has been
shown that tissue microarrays enable the simultaneous
screening of a large number of paraffin-embedded tissues
whereas the traditional histological analysis of tissue
specimens is rather slow and work-intensive (56, 64).
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Figure 1. The power of genomics and proteomics: microarray applications.

3.4. Market perspectives of protein arrays

Although the market perspectives for protein
arrays are tremendous, there are still a few limitations that
make routine application difficult, e .g. for antibody arrays,
using a direct labelling method. Here, all proteins of a
sample are tagged either with a fluorophore or a hapten-like
biotin, which can be visualised with a streptavidin-based
reporter system. Following incubation on an antibody
array, bound proteins can be detected on the corresponding
antibody microspot. Although these arrays enable the
multiplexing of hundreds of analytes, they lack sensitivity
and specificity. Unspecific binding in a microspot occurs
due to the high concentration of labelled sample material.
In addition, the antibody array cannot discriminate whether
a protein complex is a co-immune precipitate in a
microspot or whether it is the pure antigen that generates
the observed signal. Several companies, including Agilent
Technologies, Telechem International Inc., PerkinElmer —
to name just a few — sell kits (including fluorescent dyes,
reagents, purification columns) for the generation of home-
made antibody arrays, using a direct labelling approach.
Other companies, for example Takara Clontech or Sigma,
are selling ready-to-use antibody arrays together with a
labelling kit for the samples.

To achieve appropriate sensitivity combined with
high specificity, the user usually relies on sandwich
immunoassay technology, where a second, not necessarily
highly specific, antibody linked to a label is added.
Miniaturised multiplexed sandwich immunoassays are
quantitative, highly specific and sensitive; however, they
are limited to about 30 -50 analytes per array. However,
matched antibody pairs are required, which exhibit minimal
cross-reactivity, a prerequisite that is not easily obtained.
The higher the concentration of the detection antibody, the
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higher the non-specific interaction, which results in an
increase in background. In practice, this limits the number
of different features in a protein array, unless the number of
different detection compounds can be reduced. As an
example, in an array for the detection of antibodies directed
against specific allergens or autoantibodies, the detection
systems rely only on one type of antibody, namely anti-
human-IgG or IgE antibody, respectively. Therefore,
protein microarray assays cannot compete in number with
one of the newer nucleic acid arrays. Nevertheless
miniaturised and parallelised sandwich immunoassays are
currently the most advanced assays formats among the
different protein microarray applications.

Reverse phase protein microarrays are receiving
increasing interest, as an alternative to replace classical
Western blots and to increase throughput tremendously. To
date, the major bottleneck is the validation of antibodies,
which should be highly specific and should not cross-
react with any other protein in the cell lysate. In a
reverse phase protein array, the whole proteome is
immobilised in a microspot, in which approximately
90% of all immobilised proteins represent structural
proteins such as actin or tubulin. Highly specific
antibodies are available, which allow the detection of a
millionth fraction of a specific antigen. Therefore, each
and every antibody has to be characterised to detect only
a single band in a Western blot. Currently reverse phase
protein arrays are used in research and service
laboratories, where samples are processed in batches.
While sandwich immunoassays can be sold as Kkits, this
is still difficult with reverse phase microarrays. Their
strength lies more in the service business where they are
used as special tools for solving particular scientific
questions.
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4. SUMMARY
DNA chips are nowadays well-established
research tools allowing a global view into the

transcriptome. Although protein microarrays still have a
while to go, there is a growing list of already available tools
for basic and applied research. A constantly increasing
number of publications have clearly demonstrated the
extraordinary power of DNA- and protein-based
miniaturised and multiplex assays. Before any of the new
emerging technologies, allowing higher throughput, or
higher degree of multiplexing can be applied in high-
throughput screening approaches or in clinical diagnostics,
it will be necessary to demonstrate appropriate precision,
sensitivity and reliability in fully automated systems. At
present, HT systems used by the pharmaceutical industry or
in clinical diagnostics are highly automated and extremely
robust. Any new assay format, any new technology will
have to compete with the already existing highly developed
technology - not only with respect to their performance and
content, but also with respect to their costs. New
instruments in combination with novel formats always
involve an enormous investment before such systems will
be integrated into routine.

5. REFERENCES

1. Ekins R. P.: Multi-analyte immunoassay. J Pharm
Biomed Anal 7, 155-168 (1989)

2. FDA, website:

4381

http://www.fda.gov/oc/initiatives/criticalpath/factsheet.html
(2006)

3. Heuer J. G, D. J. Cummins, B. T. Edmonds: Multiplex
proteomic approaches to sepsis research: case studies
employing new technologies. Expert Rev Proteomics 2,
669-680 (2005)

4. Hueber W. & W. H. Robinson: Proteomic biomarkers for
autoimmune disease. Proteomics 6, 4100-4105 (2006)

5. Ciordia S., V. de Los Rios, J. P. Albar: Contributions of
advanced proteomics technologies to cancer diagnosis. Clin
Transl Oncol 8, 566-580 (2006)

6. Gygi S. P., Y. Rochon, B. R. Franza, R. Aebersold:
Correlation between protein and mRNA abundance in
yeast. Mol Cell Biol 19, 1720-1730 (1999)

7. Templin M. F., D. Stoll, J. Bachmann, T. O. Joos:
Protein  microarrays and  multiplexed  sandwich
immunoassays: what beats the beads? Comb Chem High
Throughput Screen 7, 223-229 (2004)

8. Stoll D., M. F. Templin, J. Bachmann, T. O. Joos:
Protein microarrays: applications and future challenges.
Curr Opin Drug Discov Devel 8, 239-252 (2005)

9. Hoogenboom H. R.: Selecting and screening
recombinant antibody libraries. Nat Biotechnol 23, 1105-
1116 (2005)



Protein microarrays: potentials and limitations

10. Hosse R. J., A. Rothe, B. E. Power: A new generation
of protein display scaffolds for molecular recognition.
Protein Sci 15, 14-27 (2006)

11. Brody E. N. & L. Gold: Aptamers as therapeutic and
diagnostic agents. J Biotechnol 74, 5-13 (2000)

12. Ansell R. J.: Molecularly imprinted polymers in
pseudoimmunoassay. Chromatogr B Analyt Technol
Biomed Life Sci 804, 151-165 (2004)

13. MacBeath G.: Protein microarrays and proteomics. Nat
Genet 32 Suppl, 526-532 (2002)

14. Wulfkuhle J. D., K. H. Edmiston, L. A. Liotta, E. F.
Petricoin 3™: Technology insight: pharmacoproteomics for
cancer--promises of patient-tailored medicine using protein
microarrays. Nat Clin Pract Oncol 3, 256-268 (2006)

15. Utz P. J.: Protein arrays for studying blood cells and
their secreted products. Immunol Rev 204, 264-282 (2005)

16. Knight P. R., A. Sreekumar, J. Siddiqui, B. Laxman, S.
Copeland, A. Chinnaiyan, D. G. Remick: Development of a
sensitive microarray immunoassay and comparison with
standard enzyme-linked immunoassay for cytokine
analysis. Shock 21, 26-30 (2004)

17. Dunbar S. A., C. A. Vander Zee, K. G. Oliver, K. L.
Karem, J. W. Jacobson: Quantitative, multiplexed detection
of bacterial pathogens: DNA and protein applications of the
Luminex LabMAP system. J Microbiol Methods 53, 245-
252 (2003)

18. Nielsen U. B., M. H. Cardone, A. J. Sinskey, G.
MacBeath, P. K. Sorger: Profiling receptor tyrosine kinase
activation by using Ab microarrays. Proc Natl Acad Sci U
S 4100, 9330-9335 (2003)

19. W. Shao, Z. Zhou, I. Laroche, H. Lu, Q. Zong, D. D.
Patel, S. Kingsmore, S. P. Piccoli: Optimization of Rolling-
Circle Amplified Protein Microarrays for Multiplexed
Protein Profiling. J Biomed Biotechnol 2003, 299-307
(2003)

20. McAleer D., F. M. McPhillips, S. P. FitzGerald, R. L.
McConnell, M. L. Rodriguez: Application of Evidence
Investigator for the simultaneous measurement of soluble
adhesion molecules: L-, P-, E- selectins, VCAM-1, ICAM-
1 in a biochip platform. J Immunoassay Immunochem 27,
363-378 (2006)

21. Huelseweh B., R. Ehricht, H. J. Marschall: A simple
and rapid protein array based method for the simultaneous

detection of biowarfare agents. Proteomics 6, 2972-2981
(2006)

22. de Jager W. & G. T. Rijkers: Solid-phase and bead-
based cytokine immunoassay: a comparison. Methods 38,

294-303 (2006)

23. Nielsen U. B. & B. H. Geierstanger: Multiplexed

4382

sandwich assays in microarray format. J Immunol Methods
290, 107-110 (2004)

24. Horn S., A. Lueking, D. Murphy, S. Staudt, C. Gutjahr,
K. Schulte, A. Konig, M. Landsberger, H. Lehrach, S. B.
Felix, D. J. Cahill: Profiling humoral autoimmune
repertoire of dilated cardiomyopathy (DCM) patients and
development of a disease-associated protein chip.
Proteomics 6, 605-613 (2006)

25. Shovman O., Gilburd, G. Zandman-Goddard, A.
Yehiely, P. Langevitz, Y. Shoenfeld: Multiplexed AtheNA
multi-lyte immunoassay for ANA screening in autoimmune
diseases. Autoimmunity 38, 105-109 (2005)

26. Shovman O., B. Gilburd, O. Barzilai, E. Shinar, B.
Larida, G. Zandman-Goddard, S. R. Binder, Y. Shoenfeld:
Evaluation of the BioPlex 2200 ANA screen: analysis of
510 healthy subjects: incidence of natural/predictive
autoantibodies. Ann N Y Acad Sci 1050, 380-388 (2005)

27. Mattoon D., G. Michaud, J. Merkel, B. Schweitzer:
Biomarker discovery using protein microarray technology
platforms: antibody-antigen complex profiling. Expert Rev
Proteomics 2, 879-889 (2005)

28. Joos T. O., M. Schrenk, P. Hopfl, K. Kroger, U.
Chowdhury, D. Stoll, D. Schorner, M. Durr, K. Herick, S.
Rupp, K. Sohn, H. Haemmerle: A microarray enzyme-
linked immunosorbent assay for autoimmune diagnostics.
Electrophoresis 21, 2641-2650 (2000)

29. Robinson W. H., C. DiGennaro, W. Hueber, B. B.
Haab, M. Kamachi, E. J. Dean, S. Fournel, D. Fong, M. C.
Genovese, H. E. de Vegvar, K. Skriner, D. L. Hirschberg,
R. I. Morris, S. Muller, G. J. Pruijn, W. J. van Venrooij, J.
S. Smolen, P. O. Brown, L. Steinman, P. J. Utz:
Autoantigen microarrays for multiplex characterization of
autoantibody responses. Nat Med 8, 295-301 (2002)

30. Gilburd B., M. Abu-Shakra, Y. Shoenfeld, A.
Giordano, E. B. Bocci, F. delle Monache, R. Gerli:
Autoantibodies profile in the sera of patients with Sjogren's
syndrome: the ANA evaluation--a homogeneous,
multiplexed system. Clin Dev Immunol 11, 3-56 (2004)

31. Satoh J., Y. Nanri, T. Yamamura: Rapid identification
of 14-3-3-binding proteins by protein microarray analysis. J
Neurosci Methods 152, 278-288 (2006)

32. Burns-Hamuro L. L., Y. Ma, S. Kammerer, Ul Reineke,
C. Self, C. Cook, G. L. Olson, C. R. Cantor, A. Braun, S. S.
Taylor: Designing isoform-specific peptide disruptors of
protein kinase A localization. Proc Natl Acad Sci U S A
100, 4072-4077 (2003)

33. Houseman B. T., J. H. Huh, S. J. Kron, M. Mrksich:
Peptide chips for the quantitative evaluation of protein
kinase activity. Nat Biotechnol 20, 270-274 (2002)

34. Houseman B. T. & M. Mrksich: Carbohydrate arrays
for the evaluation of protein binding and enzymatic



Protein microarrays: potentials and limitations

modification. Chem Biol 9, 443-454 (2002)

35. Lizcano J. M., M. Deak, N. Morrice, A. Kieloch, C. J.
Hastie, L. Dong, M. Schutkowski, U. Reimer, D. R. Alessi:
Molecular basis for the substrate specificity of NIMA-
related kinase-6 (NEK6). Evidence that NEK6 does not
phosphorylate the hydrophobic motif of ribosomal S6
protein kinase and serum- and glucocorticoid-induced
protein kinase in vivo. J Biol Chem 277, 27839-27849
(2002)

36. Zhu H., M. Bilgin, R. Bangham, D. Hall, A.
Casamayor, P. Bertone, N. Lan, R. Jansen, S. Bidlingmaier,
T. Houfek, T. Mitchell, P. Miller, R. A. Dean, M. Gerstein,
M. Snyder: Global analysis of protein activities using
proteome chips. Science 293, 2101-2105 (2001)

37. Michaud G. A., M. L. Samuels and B. Schweitzer:
Functional protein arrays to facilitate drug discovery and
development. Idrugs 9, 266-72 (2006)

38. Espejo A., J. Cote, A. Bednarek, S. Richard, M. T.
Bedford: A protein-domain microarray identifies novel
protein-protein interactions. Biochem J 367, 697-702
(2002)

39. Liu M. Y., S. Cai, A. Espejo, M. T. Bedford, C. T.
Walker: 14-3-3 interacts with the tumor suppressor tuberin
at Akt phosphorylation site(s). Cancer Res 62, 6475-6480
(2002)

40. Newman J. R. & A. E. Keating: Comprehensive
identification of human bZIP interactions with coiled-coil
arrays. Science 300, 2097-2101 (2003)

41. Martin K., T. H. Steinberg, L. A. Cooley, K. R. Gee, J.
M. Beechem, W. F. Patton: Quantitative analysis of protein
phosphorylation status and protein kinase activity on
microarrays using a novel fluorescent phosphorylation
sensor dye. Proteomics 3, 1244-1255 (2003)

42. Chamnongpol S. & X. Li: SH3 domain protein-binding
arrays. Methods Mol Biol 264, 183-189 (2004)

43. Jones R. B., A. Gordus, J. A. Krall, G. MacBeath: A
quantitative protein interaction network for the ErbB

receptors using protein microarrays. Nature 439, 168-174
(2006)

44. Ptacek J., G: Devgan, G. Michaud, H. Zhu, X. Zhu, J.
Fasolo, H. Guo, G. Jona, A. Breitkreutz, R. Sopko, R. R.
McCartney, M. C. Schmidt, N. Rachidi, S. J. Lee, A. S.
Mah, L. Meng, M. J. Stark, D. F. Stern, C. De Virgilio, M.
Tyers, B. Andrews, M. Gerstein, B. Schweitzer, P. F.
Predki, M. Snyder: Global analysis of protein
phosphorylation in yeast. Nature 438, 679-684 (2005)

45. Mah A. S., A. E. Elia, G. Devgan, J. Ptacek, M.
Schutkowski, M. Snyder, M. B. Yaffe, R. J. Deshaies:
Substrate specificity analysis of protein kinase complex
Dbf2-Mobl by peptide library and proteome array
screening. BMC Biochem 21, 22 (2005)

4383

46. Rychlewski L., M. Kschischo, L. Dong, M.
Schutkowski, U. Reimer: Target specificity analysis of the
ADl kinase using peptide microarray data. J Mol Biol 336,
307-311 (2004)

47. Fukui S., T. Feizi, C. Galustian, A. M. Lawson, W.
Chai: Oligosaccharide microarrays for high-throughput
detection and specificity assignments of carbohydrate-
protein interactions. Nat Biotechnol 20, 1011-1017 (2002)

48. Feizi T., F. Fazio, W. Chai, C. H. Wong: Carbohydrate
microarrays - a new set of technologies at the frontiers of
glycomics. Curr Opin Struct Biol 13, 637-645 (2003)

49. Lee M. R,, S. Park, 1. Shin: Protein microarrays to study
carbohydrate-recognition events. Bioorg Med Chem Lett
16, 5132-5135 (2006)

50. Anjum M. F., J. D. Tucker, K. A. Sprigings, M. J.
Woodward, R. Ehricht: Use of miniaturised protein arrays
for Escherichia coli O serotyping. Clin Vaccine Immunol
13, 561-567 (2006)

51. Wang R., S. Liu, D. Shah, D. Wang: A practical
protocol for carbohydrate microarrays. Methods Mol Biol
310, 241-252 (2005)

52. MacBeath G., A. Koehler, S. Schreiber: Printing small
molecules as microarrays and detecting protein-ligand
interactions en masse. J Am Chem Soc 121, 7967-7968
(1999)

53. Uttamchandani M., J. Wang, S. Q. Yao: Protein and
small molecule microarrays: powerful tools for high-
throughput proteomics. Mol Biosyst 2, 58-68 (2006)

54. Yu X., D. Xu, Q. Cheng: Label-free detection methods
for protein microarrays. Proteomics 6, 5493-5503 (2006)

55. Sevecka M. & G. MacBeath: State-based discovery: a
multidimensional screen for small-molecule modulators of
EGF signaling. Nat Methods 3, 825-831 (2006)

56. Aguilar-Mahecha A., S. Hassan, C. Ferrario, M. Basik:
Microarrays as validation strategies in clinical samples:
tissue and protein microarrays. OMICS 10, 311-326 (2006)

57. Nam M. J., J. Madow-Gurpide, H. Wang, P. Lescure,
C. E. Schmalbach, R. Zhao, D. E. Misek, R. Kuick, D. E.
Brenner, S. M. Hanash. Molecular profiling of the immune
response in colon cancer using protein microarrays:
occurrence of autoantibodies to ubiquitin C-terminal
hydrolase L3. Proteomics 3,2108-2115 (2003)

58. Yan F., A. Sreekumar, B. Laxman, A. M. Chinnaiyan,
D. M. Lubman, T. J. Barder: Protein microarrays using
liquid phase fractionation of cell lysates. Proteomics 3,
1228-1235 (2003)

59. Nijdam A. J., M. Ming-Cheng Cheng, D. H. Geho, R.
Fedele, P. Herrmann, K. Killian, V. Espina, E. F. Petricoin
3 L. A. Liotta, M. Ferrari: Physicochemically modified



Protein microarrays: potentials and limitations

silicon as a substrate for protein microarrays. Biomaterials
28, 550-558 (2007)

60. von Eggling F., H. Davies, L. Lomas, W. Fiedler, K.

Junker, U. Claussen, G. Ernst: Tissue-specific
microdissection  coupled with  ProteinChip  array
technologies: applications  in  cancer  research.

Biotechniques 29, 1066-1070 (2000)

61. Tang N., P. Tornatore, S. R. Weinberger: Current
developments in SELDI affinity technology. Mass
Spectrom Rev 23, 34-44 (2004)

62. Xiao Z., X. Jiang, M. L. Beckett, G. L. Wrigth Jr.:
Generation of a baculoviruss recombinant prostate-specific
membrane antigen and its use in the development of a
novel protein biochip quantitative immunoassay. Protein
Expr Purif 19, 12-21 (2000)

63. Wang Y.: Immunostaining with dissociable antibody
microarrays. Proteomics 4, 20-26 (2004)

64. Kononen J., L. Bubendorf, A. Kallioniemi, M. Barlund,
P. Schraml, S. Leighton, J. Torhorst, M. J. Mihatsch, G.
Sauter, O. P. Kallioniemi: Tissue microarrays for high-
throughput molecular profiling of tumor specimens. Nat
Med 4, 844-847 (1998)

65. Sreekumar A., M. K. Nyati, S. Varambally, T. R. Barrette,
D. Ghosh, T. S. Lawrence, A. M. Chinnaiyan: Profiling of
cancer cells using protein microarrays: discovery of novel
radiation-regulated proteins. Cancer Res 61, 7585-7593 (2001)

66. Knezevic V., C. Leethanakul, V. E. Bichsel, J. M. Worth,
V. V. Prabhu, J. S. Gutkind, L. A. Liotta, P. J. Munson, E. F.
Petricoin 3™, D. B. Krizman: Proteomic profiling of the cancer
microenvironment by antibody arrays. Proteomics 1, 1271-
1278 (2001)

67. Miller J. C., H. Zhou, J. Kwekel, R. Cavallo, J. Burke, E.
B. Butler, B. S. The, B. B. Haab: Antibody microarray
profiling of human prostate cancer sera: antibody screening
and identification of potential biomarkers. Proteomics 3, 56-63
(2003)

68. Ivanov S. S., A. S. Chung, Z. L. Yuan, Y. L. Guan, K. V.
Sachs, J. S. Reichner, Y. E. Chin: Antibodies immobilised as
arrays to profile protein post-translational modifications in
mammalian cells. Mo/ Cell Proteomics 3, 788-795 (2004)

69. Gembitsky D. S., K. Lawlor, A. Jacovina, M. Yaneva, P.
Tempst: A prototype antibody microarray platform to monitor
changes in protein tyrosine phosphorylation. Mol Cell
Proteomics 3, 1102-1118 (2004)

70. Belov L., P. Huang, N. Barber, S. P. Mulligan, R. 1.
Christopherson: Identification of repertoires of surface antigens
on leukemias using an antibody microarray. Proteomics 3,
2147-2154 (2003)

71. Soen Y., D. S. Chen, D. L. Kraft, M. M. Davis, P. O.
Brown: Detection and Characterization of Cellular Immune

4384

Responses Using Peptide-MHC Microarrays. PLoS Biol 1,
E65 (2003)

72. Hudelist G., M. Pacher-Zavisin, C. F. Singer, T.
Holper, E. Kubista, M. Schreiber, M. Manavi, M. Bilban,
K. Czerwenka: Use of high-throughput protein array for
profiling of differentially expressed proteins in normal and
malignant breast tissue. Breast Cancer Res Treat 86, 281-
291 (2004)

73. Panelli M. C., R. White, M. Foster, B. Martin, E. Wang,
K. Smith, F. M. Marincola: Forecasting the cytokine storm
following systemic interleukin (IL)-2 administration. J
Transl Med 2, 17 (2004)

74. Bock C., M. Coleman, B. Collins, J. Davis, G. Foulds,
L. Gold, C. Greef, J. Heil, J. S. Heilig, B. Hicke, M. N.
Hurst, G. M. Husar, D. Miller, R. Ostroff, H. Petach, D.
Schneider, B. Vant-Hull, S. Waugh, A. Weiss, S. K.
Wilcox, D. Zichi: Photoaptamer arrays applied to
multiplexed proteomic analysis. Proteomics 4, 609-618
(2004)

75. Perlee L., J. Christiansen, R. Dondero, B. Grimwade, S.
Lejnine, M. Mullenix, W. Shao, M. Sorette, V. Tchernev,
D. Patel, S. Kingsmore: Development and standardization
of multiplexed antibody microarrays for use in quantitative
proteomics. Proteome Sci 2,9 (2004)

76. Skogstrand K., P. Thorsen, B. Norgaard-Pedersen, D.
E. Schendel, L. C. Sorensen and D. M. Hougaard:
Simultaneous measurement of 25 inflammatory markers
and neurotrophins in neonatal dried blood spots by
immunoassay with XxMAP technology. Clin Chem 51,
1854-1866 (2005)

77. Prabhakar U., E. Eirikis, B. E. Miller, H. M. Davis:
Multiplexed cytokine sandwich immunoassays: clinical
applications. Methods Mol Med 114, 223-232 (2005)

78. Kofoed K., U. V. Schneider, T. Scheel, O. Andersen
and J. Eugen-Olsen: Development and validation of a
multiplex add-on assay for sepsis biomarkers using xXMAP
technology. Clin Chem 52, 1284-1293 (2006)

79. de Jager W., H. Te Velthuis, B. J. Prakken, W. Kuis, G.
T. Rijkers: Simultaneous detection of 15 human cytokines
in a single sample of stimulated peripheral blood
mononuclear cells. Clin Diagn Lab Immunol 10, 133-139
(2003)

80. Bellisario R., R. J. Colinas, K. A. Pass: Simultaneous
measurement of antibodies to three HIV-1 antigens in
newborn dried blood-spot specimens using a multiplexed
microsphere-based immunoassay. Early Hum Dev 64, 21-
25 (2001)

81. McBride M. T., S. Gammon, M. Pitesky, T. W.
O'Brien, T. Smith, J. Aldrich, R. G. Langlois, B. Colston
and K. S. Venkateswaran: Multiplexed liquid arrays for
simultaneous detection of simulants of biological warfare
agents. Anal Chem 75, 1924-1930 (2003)



Protein microarrays: potentials and limitations

82. Chen R., L. Lowe, J. D. Wilson, E. Crowther, K.
Tzeggai, J. E. Bishop, R. Varro: Simultaneous
Quantification of six human cytokines in a single sample
using microparticle-based flow cytometric technology. Clin
Chem 45, 1693-1694 (1999)

83. Funding M., T. K. Hansen, J. Gjedsted, N. Ehlers:
Simultaneous quantification of 17 immune mediators in
aqueous humour from patients with corneal rejection. Acta
Ophthalmol Scand 84, 759-765 (2006)

84. Schwenk J. M., J. Lindberg, M. Sundberg, M. Uhlen, P.
Nilsson: Determination of binding specificities in highly
multiplexed bead based assays for antibody proteomics.
Mol Cell Proteomics 6, 125-132 (2007)

85. Heijmans-Antonissen C., F. Wesseldijk, R. .
Munnikes, F. J. Huygen, P. van der Meijden, W. C. Hop,
H. Hooijkaas, F. J. Zijlstra. Multiplex bead array assay for
detection of 25 soluble cytokines in blister fluid of patients
with complex regional pain syndrome type 1. Mediators
Inflamm 2006, 28398 (2006)

86. Michaud G. A., M. Salcius, F. Zhou, R. Bangham, J.
Bonin, H. Guo, M. Snyder, P. F. Predki, B. I. Schweitzer:
Analyzing antibody specificity with whole proteome
microarrays. Nat Biotechnol 21, 1509-1512 (2003)

88. Lueking A., A. Possling, O. Huber, A. Beveridge, M.
Horn, H. Eickhoff, J. Schuchardt, H. Lehrach, D. J. Cabhill:
A Nonredundant Human Protein Chip for Antibody
Screening and Serum Profiling. Mol Cell Proteomics 2,
1342-1349 (2003)

89. Boutell J. M., D. J. Hart, B. L. Godber, R. Z.
Kozlowski, J. M. Blackburn: Functional protein
microarrays for parallel characterisation of p53 mutants.
Proteomics 4, 1950-1958 (2004)

Key Words: Protein Microarrays, Reverse Phase, Forward
Phase, Proteomics, Sandwich Immunoassays, Review

Send correspondence to: Jutta Bachmann, Nokkefaret 12,
1450 Nesoddtangen, Norway, Tel: 47-66912809, Fax: 47-
66917684, E-mail: info@jutta-bachmann.com

http://www.bioscience.org/current/vol14.htm

4385



