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The generation of protein chips requires much more efforts than DNA microchips. While DNA
is DNA and a variety of different DNA molecules behave stable in a hybridisation experiment,
proteins are much more difficult to produce and to handle. Outside of a narrow range of en-
vironmental conditions, proteins will denature, lose their three-dimensional structure and a lot
of their specificity and activity. The chapter describes the pitfalls and challenges in Protein Mi-
croarray technology to produce native and functional proteins and store them in a native and
special environment for every single spot on an array, making applications like antibody pro-
filing and serum screening possible not only on denatured arrays but also on native protein
arrays.
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1
Introduction

Each cell of a living organism contains the whole genetic information in the form
of DNA molecules. The available golden path sequence of the human genome is
known to be 3x10° nucleotide base pairs in size, coding for a currently unknown
number of genes. Although the DNA information is, with rare exceptions, iden-
tical in each cell, several hundreds of different known cell types do exist. The sim-
plified view of a cell brings up specific populations of DNA and mRNA molecules
that are translated into cell-specific populations of proteins. Although this is only
a simplified representation, we are currently able to understand only a minority
of the complex interactions in the cell machinery comprising DNA, RNA and pro-
teins as major compounds. Genomic databases have enabled us to access, retrieve
and process biological information. The determination of the genomic sequences
of higher organisms, including humans, is now attainable, but represents only one
level of genetic complexity. The determination of the expression profiles and pro-
tein profiles of certain cell types represents the next level of genomic complex-
ity, equally important to sequencing.

The interest of our research is focussed in finding all genes, their in vivo func-
tions and the features of the corresponding proteins. Information about a gene’s
expression is important for its potential exploitation. A gene’s expression and the
corresponding protein level can be highly specific to a tissue, organ, cell type or
disease and, as such, may be attractive as targets for the development of highly
specific therapeutics and diagnostics. Even a gene of unknown function may have
medical utility if its expression pattern can be determined.

To achieve this goal, methods and technologies operating reliably with
many samples in high-throughput and in parallel are major requirements. The
human genome is sequenced, but only a minority of genes has been assigned
a function. Automated technology allows for high-throughput, resulting in
fingerprints of diseased versus normal or developmentally distinct tissues.
Differential gene expression can be most efficiently monitored by DNA hybrid-
isation on arrays of oligonucleotides or cDNA clones. Having started from
high-density filter membranes, cDNA microarrays nowadays are mainly used
in chip or microscope slide format. In the past our group has shown that the
same cDNA libraries used in gene expression analysis can be used for high-
throughput protein expression and antibody screening on high-density filters
and microarrays. Most importantly, these libraries connect recombinant pro-
teins to clones identified by DNA hybridisation or sequencing, hence creating
a direct link between gene catalogues and functional catalogues. Microarrays
can now be used to go from an individual clone to a specific gene and its
protein product or vice versa. Clone libraries have become amenable to data-
base integration including all steps from DNA sequencing to functional assays
of proteins.

The medical application of this information is expected to lead to new
generations of products in the diagnostics and therapeutics market. How-
ever, genes will only be useful for drug development and medical diagnostics if
their functions are known. To tackle the current limitations in the medical use of
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genome information, “functional genomics” or “functional proteomics” are now
under development as a new research and development area.

With the introduction of automated technologies in the field of molecular bi-
ology and, especially, microarray technology, genome and gene expression analy-
sis have been accelerated enormously. Microarray technology was enabled by the
development of devices that can array biological samples at high density and with
high precision [1]. Oligonucleotide and cDNA microarrays have become hot
commodities, representing thousands of individual genes arrayed on filter or
glass slide supports (The chipping forecast, Nature Genetics supplement 1999
{2]). To examine variation in gene expression, sets of oligonucleotides or complex
probes, generated by reverse transcription of RNA from different tissues and cell
lines, are hybridised on the arrays [3]. cDNA microarrays have already been used
to profile human tissues like bone marrow, brain, prostate and heart [4] and com-
plex diseases such as rheumatoid arthritis [5] and cancer [6, 7]. However, the
DNA chip technology is still hampered by the lack of common quality standards
that enable the comparison of results obtained in different laboratories and with
arrays of different origin (8, 9]. Nonetheless, protein chips are already emerging
to follow DNA chips as tools for automated and miniaturised functional analy-
sis [10, 11]. Analogous to DNA microarrays, protein arrays offer the opportunity
to screen thousands of immobilised biomolecules at a time, using steadily re-
duced amounts of sample.

2
From 2D Electrophoresis and Microtitre Plates to Microarrays
of Biomolecules

Two-dimensional gel electrophoresis separates proteins according to size and
charge, therefore allowing the study of cell, tissue and even whole organism pro-
teomes [12]. Until recently, however, the identification of the thousands of sepa-
rated proteins used to be a major challenge. With the introduction of new and
automated mass spectrometric protein identification procedures, the high
throughput identification of the separated proteins is much simplified [13] and
allows us to generate catalogues of expressed proteins in a cell or tissue of inter-
est. Nevertheless, as the separated proteins are obtained in denatured form
and in limited amounts, the expression of a protein of interest in recombinant
form is usually required for functional characterisation. The classical array
format in proteomics, the microtitre plate, is a well established and still widely
used standard in medical diagnostics. To increase the number of samples and
decrease reagent volume, the 96-well microtitre plate has been developed further
to plates with 384 and 1536 wells, maintaining the original plate footprint. As it
happened in DNA analysis earlier, the microtitre plate is now gradually being
replaced by microarrays on flat surfaces such as glass slides (“chips”) or mem-
branes. B

The format and the preparation of protein microarrays depends on the nature
of the immobilised biomolecule and its application. While peptide arrays are
manufactured synthetically directly on the support [14], proteins are delivered
using either pin-based spotting or liquid microdispensing. To date, the most com-



106 B ) B .Eickhoff et al.
monly arrayed proteins are antibodies, since they are robust molecules which can
be easily handled and immobilised by standard procedures without loss of ac-
tivity.

3
Requirements for Protein Arrays

For protein arrays, resources of large numbers of proteins, preferably in purified
form, represent a major technical challenge. While in prokaryotes genomic frag-
ments can be directly cloned into expression vectors, intronic sequences prohibit
this strategy in eukaryotes. In systems such as human tissues, full-length cDNA
clones have to be isolated before protein expression can be started. High-
throughput subcloning of open reading frames has been described [15] but re-
mains a major difficulty if complete proteomes of higher organisms represent the
region of interest. To overcome these problems, arrayed cDNA expression li-
braries, cloned in bacterial and yeast expression vectors, have been developed in
our laboratory. These libraries are generated by standard DNA cloning proce-
dures and characterised by oligonucleotide fingerprinting to be screened for the
properties of their expression products. Furthermore, these libraries do represent
an immortal source for large numbers of recombinant proteins [16-18]. In ad-
dition, expression libraries eliminate the need to construct individual expression
systems for every protein of interest and, by arraying, the expression products of
complete libraries can be characterised in parallel. On the other hand, a large pro-
portion of clones do not express their insert in a suitable form, mainly due to
cDNA fragments being fused to the vector-encoded start codon in the wrong
reading frame. Therefore, non-expression clones have to be identified and re-
moved from the library. To identify expression clones, hundreds of thousands of
clones are arrayed on filter membranes and protein expression is induced. By de-
tection of a Hise-tag peptide fused to the protein products, desired expression
clones are identified and re-arrayed into a non redundant daughter expression
library. The protein filter array technology was further developed to increase spot
density and to facilitate the arraying of purified proteins. Lueking et al. have used
automated arraying from liquid expression cultures using a pin-based, flat-bed
gridding robot [19]. For this purpose, 96 proteins of the human foetal brain cDNA
library hEx1 [17] were expressed in liquid bacterial cultures, and solutions were
spotted onto polyvinylidene difluoride (PVDF) filters, either as crude lysates or
after purification by Ni-NTA immobilised metal affinity chromatography
(IMAC). In all 4,800 samples were placed onto polyacrylamide-coated micro-
scopic slides and simultaneously screened, using a hybridisation automat, ap-
plying minimal amounts of reagents (less than 100 pL antibody solution; A. Luek-
ing, personal communication). Sharp and well-localised signals allowed the
detection of 250 attomol or 10 pg of a spotted test protein (GAPDH, glyceralde-
hyde-3-phosphate dehvdrogenase. Swiss-Prot P04404)
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4
Planar Immobilisation of Proteins

The Lehrach laboratory mainly uses solid pins routinely for spotting nanolitre
volumes of proteins although proteins can be delivered onto solid supports by ei-
ther split pin-based spotting or microdispensing devices. In contrast to other
techniques, solid pins are less sensitive to variation of sample viscosity than slit
pins or microdispensing systems and are much easier to clean to prevent any
cross contaminations [19, 20]. A ring and pin arraying device was used by
MacBeath and Schreiber to produce a microarray of 10,800 spots of two distinct
proteins (protein G and an FKBP12 binding domain), which were then specifi-
cally detected with fluorescently labelled IgG and FKBP12, respectively. Although
the detection scheme is this article is really clever, it remains unclear why the au-
thors did array 10800 replicates made of only two proteins [21]. As an alternative
to modified glass surfaces gel immobilisation matrices show high binding ca-
pacities and provide the proteins with a nearly (97% water in the buffer system)
native environment. This is a key feature in protein array research and is impor-
tant for the reactivity and specificity of the arrayed proteins. The technique of im-
mobilisation is substantial both for effective concentration and orientation of im-
mobilised proteins or antibodies on the surface. A variety of methods have been
reported, including the adsorption to charged or hydrophobic surfaces, covalent
cross-linking or specific binding via tags (e.g., Hisg, biotin/avidin system).

The density of protein molecules immobilised on the support is mainly de-
termined by the surface structure. A flat, two-dimensional surface offers less
binding capacity than the three-dimensional structure of a filter membrane or
a polyacrylamide gel layer. Mirzabekov and co-workers produced three-dimen-
sional polyacrylamide gel pad microarrays providing a more than 100 times
greater immobilisation capacity than two-dimensional glass supports, thus in-
creasing the sensitivity of measurements considerably [22]. The gel pads are sep-
arated by a hydrophobic glass surface and provide a native, aqueous environment
and can accommodate proteins of up to 400,000 Dalton in size [23]. Enzymatic
activity of several enzymes like horseradish peroxidase, alkaline phosphatase
and 3-p-glucuronidase has been detected in these hydrogel pads. Prestructured
surfaces consisting of hydrophilic spots on hydrophobic surfaces have also
been reported for protein arraying {24, 25]. The hydrophobic surface prevents
the aqueous drops applied to the hydrophilic spots from mixing and creates
wall-minimised reaction vessels, where the interactions can be monitored in
solution. In combination with state of the art microfabrication procedures,
prestructured surfaces allow the introduction of three-dimensional microstruc-
tures on a chip, offering a number of additional options for experimentation like
on-line monitoring of the interaction kinetics. Such microfluidic devices can be
equipped with channels for transporting reagents to immobilised target mole-
cules. At the present time microfluidic chips do certainly offer specific advantages
over planar microarrays [26] but due to their complex production procedures
and the high surface to volume ratio that represents a potential non-specific
binding site for the analyte, their development and applications are still at an
early stage.
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6
Applications of Protein Arrays

A large variety of assays has been adapted to utilise protein micro
current state, the detection of immobilised antigens with antibodi
most common application. Protein and antibody arrays have been
selection and characterisation of novel antibodies from phage dis;
and for the identification of antigens (e.g., involved in autoimmun
Phage display antibody libraries have been developed for the in v
of antibodies as an alternative to animal immunisation (reviewed i
For this purpose, recombinant immunoglobulin gene libraries a
phagemid vectors and antibody fragments are displayed as fusion pr
surface of bacteriophage (reviewed in [34]). Recently, protein arrays
expression library hEx1 [17] were used to identify antigens recog:
domly selected antibody fragments from a phage display antibody
Screening 12 different antibody fragments on an array of 27,00
clones, delivered four novel and highly specific antigen-antibody 1
lated approach, antibody arrays were used for the identification of
body-producing bacteria [36]. For this purpose, bacteria containing |
lected from a phage antibody library by in vitro panning on chosen z
arrayed on filter membranes. After cell growth, antibody production
and specifically binding antibodies were captured and identified
antigen-coated membrane. By screening 18,342 antibody clones at
specific antibodies were selected after just one round of panning.
In autoimmune diseases self-reacting antibodies, i. e., produced a
ganism’s own proteins and epitopes, play an important role in the ¢
ifestation of the diseases. Therefore, the generation of an antibody |
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tients with autoimmune disease is believed to be medically relevant and infor-
mative. Characterisation of autoimmune patient sera on protein chips would al-
low the diagnosis of autoimmune diseases based upon the presence of specific
auto-antibodies. So far, for the identification of antigens recognised by auto-an-
tibodies, sera were hybridised to uncharacterised gtll cDNA phage libraries or
to tissue extracts separated by 1D or 2D gel electrophoresis [37, 38]. The follow-
ing characterisation of the identified antigens is labour intensive, also requiring
expensive sequencing of the found proteins. Such characterisation resulted in
novel functions attributed to these proteins, which can then be used as potential
therapeutical targets [39]. To simplify the characterisation of auto-antibodies,
serum can be applied to protein arrays containing large numbers of recombinant
proteins of known identity. Moreover, using protein arrays will overcome the
problems associated with protein level variation in natural tissue extracts and
hence increase reproducibility. The application of protein chips allows us to de-
termine the binding profile of the autoimmune antibodies of each patient and for
each disease. Once disease-specific antigens are known, it is possible to create a
diagnostic protein array. As shown by Lueking et al., apparently specific mono-
clonal antibodies (x-HSP90, a-B-tubulin) showed considerable cross-reactivity
with other proteins following incubation on protein microarrays, consisting of 96
in liquid bacterial cultures expressed proteins of the hEx1 library [19].In a way,
this is not surprising, as antibodies are not usually tested against whole libraries
of proteins. However, in immunohistochemical or physiological studies against
whole cells or tissue extracts, this cross-reactivity of antibodies can lead to false
interpretations. Therefore, the characterisation of the binding specificity of an-
tibodies used extensively in diagnostic tools is of prime importance.

7
Outlook

To achieve standardised microarrays carrying thousands of verified recombinant
proteins, high-throughput methods for protein expression and purification are
required. This has to be accompanied with a pipeline for the identification and
verification of expression products. Initial experiments have shown that espe-
cially MALDI-MS is a powerful tool to monitor the quality of recombinant pro-
teins. Combining protein expression and purification in array (microtitre plate)
format with high-throughput protein mass determination by mass spectrometry
leads to a large number of identified library clones and their corresponding ex-
pression products [17, 20]. This approach can be used either to identify unknown
clones from expression libraries or to verify expression products generated at
high-throughput. In addition mass spectrometric data allows us to compare
recorded spectra from recombinant and native proteins, which results in unam-
biguous protein identification in, e.g., 2D protein gels.

A very crucial part in protein array technology is played by the deposition of
the proteins on a suitable surface. As described earlier, the nature of the surface
with influencing parameters like charge, viscosity, pore size, pH, binding capac-
ity, unspecific protein binding, etc. is essential for the generation of protein ar-
rays that contain the proteins in an biologically active shape and form. New sur-
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faces will lead to more native “living protein arrays”. The basics for such a tech-
nology has been described by the analysis of protein-protein interactions in
S. cerevisiae using the yeast two-hybrid screens in array format 11, 31]. So called
“living arrays” were constructed consisting of a nearly complete set of yeast open
reading frames cloned as fusions with the Gal4 activation domain. This clone set
was co-transformed with a set of putative interaction partners cloned as fusions
to the Gal4 DNA binding domain and subsequently arrayed on filter membranes.
Protein-protein interaction was detected by arraying of the co-transformed clone
set on selective media. By screening 5,345 yeast open reading frame-Gal4 acti-
vation domain fusions with 195 Gal4 DNA binding domain fusions, 957 putative
interactions, involving 1,004 yeast proteins, were identified. The recombinant ex-
pression of all open reading frames of Saccharomyces cerevisiae has already been
achieved. A nearly complete collection of yeast strains for the expression of
6,144 open reading frames as fusion proteins was generated, divided in pools and
screened for biological activities. Collections like this can form the basis of fu-
ture protein microarrays by representing a large portion of gene products. As an
example for an functional assay, 119 protein kinases were expressed, purified as
GST fusion proteins, arrayed and cross-linked in a protein chip format and as-
sayed for autophosphorylation by treatment with radiolabelled ATP. Also, sub-
strate specificity was assayed with protein chips each carrying one of a set of ki-
nase substrates. The kinases and the radiolabelled ATP were arrayed by pipetting
onto the substrate coated surfaces and phosphorylation was monitored [40-42].
In addition to all array applications, clones and their recombinant proteins will
form the basis for “structural genomics”, a research field that aims to resolve the
molecular structure of biomolecules and biomolecule complexes. Within the
Berlin Protein Structure factory the same proteins that are deposited onto arrays
are recombinantly expressed in yeast and E. coli and are subjects for crystallisa-
tion and the subsequent X-ray scattering as well as for NMR experiments. Simi-
lar technology to the technology described here is used with the immortal pro-
tein resources to do the probe preparation for structural genomics. One example
is a high-precision sub-microlitre liquid dispensing system that has been devel-
oped for the preparation of hanging drop arrays for protein crystallisation. These
arrays consist of 2 pL to 100 nL drops and are used to screen for suitable buffer
and salt conditions for protein crystallisation [25]. The technology developed for
systematic data generation in genomics and proteomics will enable us to crys-
tallise proteins that are available only in very tiny amounts and, therefore, con-
tribute to our understanding of genome structure and physiological function.
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