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Proteins translate genomic sequence information into
function, enabling biological processes. As a comple-
mentary approach to gene expression profiling on cDNA
microarrays, we have developed a technique for high-
throughput gene expression and antibody screening on
chip-size protein microarrays. Using a picking/spotting
robot equipped with a new transfer stamp, protein solu-
tions were gridded onto polyvinylidene difluoride filters
at high density. Specific purified protein was detected
on the filters with high sensitivity (250 amol or 10 pg of a
test protein). On a microarray made from bacterial ly-
sates of 92 human cDNA clones expressed in a microtiter
plate, putative protein expressors could be reliably iden-
tified. The rate of false-positive clones, expressing pro-
teins in incorrect reading frames, was low. Product spec-
ificity of selected clones was confirmed on identical
microarrays using monoclonal antibodies. Cross-reac-
tivities of some antibodies with unrelated proteins im-
ply the use of protein microarrays for antibody specific-
ity screening against whole libraries of proteins.
Because this application would not be restricted to an-
tigen-antibody systems, protein microarrays should
provide a general resource for high-throughput screens
of gene expression and receptor-ligand interactions.
© 1999 Academic Press
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While 40—80% of the total number of human genes
are now represented as expressed sequence tags
(ESTs)" in the dbEST database (http://www.ncbi.nlm.
nih.gov/dbEST) (1), only a minority have yet been as-

! Abbreviations used: ESTs, expressed sequence tags; PVDF, poly-
vinylidene difluoride; IPTG, isopropyl-B-p-thiogalactopyranoside;
BSA, bovine serum albumin;TBST, Tris-buffered saline with Tween
20; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RF, read-
ing frames.
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signed a function. Whole-genome expression screens
are regarded an essential prerequisite for functional
studies (2). Automated technology allows high-
throughput gene activity monitoring by analysis of
complex expression patterns (3), resulting in finger-
prints of diseased versus normal or developmentally
distinct tissues (4). Starting from high-density filter
membranes (5), DNA microarrays have now been de-
vised in chip format (6—8). Using microarrays, gene
expression profiles were attained for Arabidopsis thali-
ana (9), Saccharomyces cerevisiae (10-15), and human
lymphoid cells and tissues like bone marrow, brain,
prostate, and heart (16). cDNA microarrays have al-
ready been used to profile complex diseases such as
rheumatoid arthritis (17), melanoma (18, 19), and Ew-
ing’s sarcoma (20). Logically, the next step will be
profiling of protein products encoded by differentially
expressed cDNA clones. This requires a highly parallel
approach to protein expression analysis, including the
simultaneous expression of large numbers of cDNA
clones in an appropriate vector system and high-speed
arraying of protein products.

We have previously shown that cDNA libraries can
be screened for protein expression on high-density fil-
ter membranes (21). Using robot technology (22), a
human fetal brain cDNA expression library (hEx1) was
arrayed in microtiter plates, and bacterial colonies
were gridded onto polyvinylidene difluoride (PVDF)
filters. In situ expression of recombinant fusion pro-
teins was induced and detected using an antibody
against a Hisy tag-containing epitope. We have now
extended this approach to automated spotting of pro-
tein microarrays from liquid expression cultures using
a new transfer stamp mounted onto a flat-bed spotting
robot. These protein microarrays allow very sensitive
protein expression and antibody specificity screening
and should provide powerful tools for high-throughput
ligand—receptor interaction studies.
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MATERIALS AND METHODS
Vector Constructs

PQE-30NST (GenBank Accession No. AF074376) has
been described (21). pQE-BH6 was constructed using
the polymerase chain reaction (PCR) for insertion of an
oligonucleotide encoding the protein sequence LN-
DIFEAQKIEW between MRGS and Hisg, of pQE-30
(Qiagen), thereby separating the two parts of the RGS-
His, epitope.

Antibodies

Monoclonal antibodies of the following manufactur-
ers were used at dilutions as indicated: mouse anti-
RGS-His (Qiagen, 1:2000), mouse anti-rabbit GAPDH
(Research Diagnostics Inc., clone 6C5, 1:5000), mouse
anti-HSP90 (Transduction Laboratories, clone 68,
1:2000), rat anti-« tubulin (Serotec Ltd., clone YL1/2,
1:2000).

Secondary antibodies were F(ab’), rabbit anti-mouse
1gG HRP (Sigma) and F(ab’), rabbit anti-rat 1lgG HRP
(Serotec Ltd.), diluted 1:5000, for the detection of
mouse and rat monoclonals, respectively.

Large-Scale Protein Expression and Purification

Proteins were expressed in Escherichia coli (strain
SCS1) liquid cultures. Nine hundred milliliters of SB
medium (12 g/liter bactotryptone, 24 g/liter yeast ex-
tract, 17 mM KH,PO,, 72 mM K,HPO,, 0.4% (v/Vv)
glycerol) containing 100 pg/ml ampicillin and 15 pg/ml
kanamycin was inoculated with 10 ml of an overnight
culture and shaken at 37°C until an ODg,, of 0.8 was
reached. Isopropyl-B-b-thiogalactopyranoside (IPTG)
was added to a final concentration of 1 mM. The cul-
ture was shaken for 3.5 h at 37°C and cooled to 4°C on
ice. Cells were harvested by centrifugation at 2100g for
10 min, resuspended in 100 ml phosphate buffer (50
mM NaH,PO,, 0.3 M NaCl, pH 8.0) and centrifuged
again. Cells were lysed in 3 ml per gram wet weight of
lysis buffer (50 mM Tris, 300 mM NacCl, 0.1 mM EDTA,
pH 8.0) containing 0.25 mg/ml lysozyme on ice for 30
min. DNA was sheared with an ultrasonic homogenizer
(Sonifier 250, Branson Ultrasonics, Danbury, U.S.A.)
for 3 X 1 min at 50% power on ice. The lysate was
cleared by centrifugation at 10,000g for 30 min. Ni-
NTA agarose (Qiagen) was added and mixed by shak-
ing at 4°C for 1 h. The mixture was poured into a
column which was subsequently washed with 10 bed
volumes of lysis buffer containing 20 mM imidazole.
Protein was eluted in lysis buffer containing 250 mM
imidazole and was dialyzed against TBS (10 mM Tris—
HCI, 150 mM NacCl, pH 7.4) at 4°C overnight.

High-Throughput Small-Scale Protein Expression

Proteins were expressed from selected clones of the
arrayed human fetal brain cDNA expression library
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hEx1 (21). This library was directionally cloned in
pPQE-30NST for IPTG-inducible expression of Hisg-
tagged fusion proteins. The 96-well microtiter plates
with 2-ml cavities (StoreBlock, Zinsser) were filled
with 100 ul SB medium, supplemented with 100 wg/ml
ampicillin and 15 ul/ml kanamycin. Cultures were in-
oculated with E. coli SCS1 cells from 384-well library
plates (Genetix, Christchurch, UK) that had been
stored at —80°C. For inoculation, replicating devices
carrying 96 steel pins (length 6 cm) were used. After
overnight growth at 37°C with vigorous shaking, 900
wl of prewarmed medium was added to the cultures,
and incubation was continued for 1 h. For induction of
protein expression, IPTG was added to a final concen-
tration of 1 mM. All following steps, including centrif-
ugations, were also performed in the 96-well format.
Cells were harvested by centrifugation at 1900g (3400
rpm) for 10 min, washed by resuspension in phosphate
buffer, centrifuged for 5 min, and lysed by resuspen-
sion in 150 wul buffer A (6 M guanidinium—HCI, 0.1 M
NaH,PO,, 0.01 M Tris—HCI, pH 8.0). Bacterial debris
was pelleted by centrifugation at 4000 rpm for 15 min.
Supernatants were filtered through a 96-well filter
plate containing a non-protein-binding 0.65-um pore
size PVDF membrane (Durapore MADV N 65, Milli-
pore) on a vacuum filtration manifold (Multiscreen,
Millipore).

Automated Filter Spotting

Precut (25 X 75 mm) PVDF filter strips (Immobilon
P, Millipore) were soaked with 96% ethanol and rinsed
in distilled water for 1 min. Five wet filter strips were
fixed with tape onto a 230 X 230-mm plastic tray. The
spotting was carried out by a motor-carried transfer
stamp (Fig. 1) which can be positioned at a resolution
of 5 um in x=y-z directions (Linear Drives, Basildon,
UK). This allows densities of approximately 300 sam-
ples/cm?, spotted in a duplicate pattern. The transfer
stamp accommodates 4 X 4 = 16 individually mounted,
spring-loaded pins at 4.5-mm spacing. Since the spac-
ing is compatible to the spacing of 384-well plates, this
tool enables high-density spotting out of 384-well mi-
crotiter plates. The size of the blunt-end tip of the
stainless-steel pins is 250 um. Prior to each transfer,
the spotting gadget was washed in a 30% ethanol bath
and subsequently dried with a fan to prevent cross-
contamination. For the experiments shown here, 4 X 4
patterns were spotted with each pin. Each pattern
contains 4 ink guide spots surrounded by 6 samples
spotted in duplicate (12 sample spots in total, Fig. 2A).
Each spot was loaded five times with the same protein
sample (5 nl each). Having adjusted the spotting height
in advance, the spotting of 96 samples took approxi-
mately 20 min for the generation of five identical pro-
tein microarrays.
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Antibody Detection and Image Analysis

After spotting, filters were soaked in ethanol for 1
min, rinsed in distilled water, washed in TBST (TBS,
0.1% Tween 20) for 1 min, blocked in 2% bovine serum
albumin (BSA)/TBST for 60 min and incubated with
monoclonal antibodies in 2% BSA/TBST for 1 h at room
temperature, followed by two 10-min TBST washes
and 1 h incubation with secondary antibodies in 2%
BSA/TBST. Subsequently, filters were washed in 20 ml
TBST overnight and incubated in 2 ml CN/DAB solu-
tion (Pierce) for 1-10 min, and positive reactions were
detected as black spots. Images were acquired with a
cooled CCD Camera (Fuji LHS, Raytest, Germany).
Pictures were taken through a Fujinon objective (f: 0.8,
50 mm) with an integration time of 20 ms. Image
analysis was carried out with the AIDA package (Ray-
test, Germany) for spot recognition and quantification.
The resulting spot values were transferred to an Excel
spreadsheet (Microsoft, U.S.A.) to display the dia-
grams of Figs. 2, 3, and 4.

RESULTS AND DISCUSSION

Fabrication of Protein Microarrays

Proteins were expressed in liquid bacterial cultures,
and solutions were spotted onto PVDF filters, either as
crude lysates or after purification by Ni-NTA-immobi-
lized metal affinity chromatography (IMAC) (23).
PVDF filter membranes were used for their superior
protein binding capacity and mechanical strength
(compared to nitrocellulose) and satisfactory former
performance (21). The new transfer stamp (Fig. 1) con-
sists of pins with 250-um tip size, which is nearly half
the size of the 450-um pins that have previously been
used for the generation of in situ protein expression
filters (21). Although Figs. 2, 3, and 4, as our first test
results, show about the same spotting density as our in
situ filters, the smaller pin tip diameter enables higher
spotting densities. While an in situ filter of 222 X 222
mm accommodates 27,648 clones (5 X 5 duplicate spot-
ting pattern with one guide spot), more than 100,000
samples could be placed onto the same area using the
new transfer stamp. This allows a substantial reduc-
tion in total array size to a convenient microscopic slide
format (25 X 75 mm holding 4800 samples, correspond-
ing to 2400 duplicates). The miniaturized setup allows
a very economic use and high concentrations of re-
agents in incubating solutions as a much smaller
buffer volume is needed to cover the filters. In contrast
to in situ filters, the signals obtained on microarrays
are sharp and well localized. As the next step toward
the fabrication of protein chips, we envisage a fur-
ther increase in density by using high-speed picoliter
spotting (inkjetting) onto modified glass surfaces.
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FIG. 1. Transfer stamp for protein solution transfer from 384-well
microtiter plates to PVDF membranes. Sixteen individual, spring-
loaded, stainless-steel pins are mounted into a POM (polyoxymeth-
ylene, polyformaldehyde, polyacetate) corpus. The pin-to-pin dis-
tance is 4.5 mm. The blunt end tip size was measured to 250 um.

Alternative approaches to protein microarrays have
been reported using either photolithography of silane
monolayers (24) or inkjetting onto polystyrene film (25,
26). In contrast to our library spotting technology,
those advances have been focused on the fabrication of
miniaturized immunoassay formats by patterning of
single proteins (e.g., BSA, avidin, or anti-IgG monoclo-
nal antibodies).

Sensitivity of Specific Protein Detection

The sensitivity of specific protein detection on mi-
croarrays was assessed by spotting different concentra-
tions of three purified proteins, human glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, Swiss-Prot
P04406), a C-terminal fragment (40.3 kDa) of human
heat shock protein 90 a« (HSP90«, Swiss-Prot PO7900)
and rat immunoglobulin heavy chain binding protein
(BIP, Swiss-Prot P06761). Microarrays were subse-
quently incubated with a monoclonal anti-GAPDH an-
tibody, rabbit anti-mouse IgG HRP, and HRP sub-
strate CN/DAB (Fig. 2A). The sensitivity of detection,
as the lowest concentration that delivered clearly vis-
ible, specific spots above background (detection thresh-
old), was calculated to be 10 fmol/ul, corresponding
to 250 amol or 10 pg of GAPDH in 25 nl spotted (Fig.
2B).
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FIG. 2. Sensitivity of specific protein detection on microarrays. Equimolar concentrations (100 pmol/ul to 1 fmol/ul) of purified human
GAPDH (duplicates 19-24 and 43-48), human bHSP90« (duplicates 7-12 and 31-36), and rat bBIP (duplicates 13-18 and 37—-42) were
spotted (5 X 5 nl) in two identical series of duplicates and detected using a monoclonal anti-GAPDH antibody. (A) Spot array on PVDF filter
membrane (1.9 X 1.9 cm holding 128 samples, 4 X 4 vertical duplicate spotting pattern, black duplicate guide spots, counting of duplicates
as indicated). (B) Relative intensities of means of duplicates in A (guide spots excluded), indicating numbering of duplicates (as in A), name
and amounts of protein spotted, and detection threshold.
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FIG. 3. High-throughput expression of RGS-Hise-tagged fusion proteins from clones of the arrayed hEx1 library as detected on a microarray
using the monoclonal antibody RGS-His (Qiagen). Crude, filtered lysates of 92 clones were spotted from a 96-well microtiter plate, including
4 wells with control proteins (H1, vector pQE-30NST without insert; H2, bHSP90q«, clone N15170, vector pQE-BH6; H3, GAPDH, clone D215,
vector pQE-30NST; H4, bBIP, vector pQE-BHS6). (A) Reproducibility of detection as diagonal of relative intensities of duplicates. (Inset) Spot
array on PVDF filter membrane (as in Fig. 2, lower guide spots doubled for orientation). (B) Diagram as in Fig. 2, indicating (+) or (=) reading
frames of inserts if known (specificity threshold arbitrarily set to 7500 relative intensity).

High-Throughput Screening for Protein Expression

Crude lysates of 92 clones of the arrayed human fetal
brain cDNA library hEx1 (21), previously identified as
protein expressors by the monoclonal antibody RGS-
His (Qiagen) on in situ filters, were spotted in dupli-
cate, alongside with 4 control samples and ink guide
spots. Microarrays were screened for expression of

RGS-Hiss-tagged fusion proteins using the same anti-
body (Fig. 3A, inset). When relative intensities of du-
plicates (see Fig. 2A) are plotted against each other,
the resulting diagonal indicates a good reproducibility
of the detection method (Fig. 3A). Therefore, means of
duplicates were plotted for all 96 samples, and an
arbitrary specificity threshold for identification of pos-
itives was set to 7500 relative intensity (Fig. 3B). Un-
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FIG. 4. Specificity testing of three monoclonal antibodies on identical microarrays of RGS-Hisg-tagged fusion proteins expressed from
clones of the arrayed hEXx1 library as in Fig. 3. (A) Monoclonal anti-GAPDH (H3, GAPDH, clone D215, vector pQE-30NST); (B) monoclonal
anti-HSP90«a (H2, bHSP90«, clone N15170, vector pQE-BH6; H10, 60S ribosomal protein L18A; H3, GAPDH, clone D215, vector pQE-
30NST); (C) monoclonal anti-a tubulin (F9 and A4, RF(+) « tubulin clones; C7, RF(—)a tubulin clone; B1 and B12, unknown genes; H3,
GAPDH, clone D215, vector pQE-30NST; G1, RF(—) 8 tubulin clone; E5, RPL3 ribosomal protein L3; H10, RPL18A ribosomal protein L18A,
E6 and D8, RPS2 ribosomal protein S2; F7, RPS3A ribosomal protein S3A; E3, RPS25 ribosomal protein S25); specificity threshold arbitrarily
set to 25,000 relative intensity.

der these conditions, a negative control (H1, vector a divided RGS-His, epitope (H2, vector pQE-BH6; 0
pPQE-30NST without insert) was clearly negative (1500 relative intensity). The lysate of an RGS-His,-tagged
relative intensity), as was an HSP90« clone, featuring GAPDH clone (H3, vector pQE-30NST) was used as a
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FIG. 4—Continued

positive control and delivered a signal of 21,000 rela-
tive intensity. The clearly positive result (15,000 rela-
tive intensity) obtained with a rat BIP clone (H4, vector
pPQE-BHS6) is surprising because this clone also fea-
tures a divided RGS-His; epitope. The reactivity might
be explained by partial reconstitution of the RGS-Hisg
epitope due to conformational characteristics of BIP.
The cDNA inserts of 54 of the 92 putative hEx1
expression clones show homology to GenBank entries
of human genes (27). These inserts were checked for
their reading frames (RF) in relation to the vector-
encoded RGS-Hisg tag sequence. Thirty-four inserts
(63%) were found to be cloned in the correct reading
frame (RF+), while 20 (37%) were in an incorrect read-
ing frame (RF—); hence, those clones could not be ex-
pected to express the predicted protein. However, all 92
clones were originally selected as protein expressors on
in situ filters due to clearly positive signals with the
monoclonal antibody RGS-His (intensity levels 2 and 3)
(27). On microarrays, the number of incorrect reading
frame clones identified as protein expressors was de-
creased by 70%, as only 6 RF(—) clones were still con-
firmed as positives (Fig. 3B). This indicates that the
new microarray technology is a major advancement
over in situ filters for its superior ability to exclude
incorrect reading frame clones. On the other hand, only
one RF(+) clone was clearly below the specificity
threshold and would have been missed in this screen,
probably due to an insufficient amount of protein ex-

pressed in the microtiter well. This stresses again the
nature of our approach that is exclusively based on
“positives” to be confirmed by sequencing and/or pro-
tein characterization (21).

In summary, our high-throughput protein expres-
sion screening on microarrays resulted in a false-neg-
ative rate of under 2% (1 undetected RF(+) clone per
54 clones total). The rate of false-positive clones, ex-
pressing proteins in incorrect reading frames, was
down to 11%, compared to 37% on in situ filters (27).
That makes protein microarrays an economical tool for
very sensitive protein expression screening.

Antibody Specificity Screening

Protein microarrays featuring the same test set of 92
hEx1 expression clones and 4 controls (see above) were
screened for the human proteins GAPDH, HSP90« and
« tubulin using monoclonal antibodies. While the anti-
GAPDH antibody detected its target antigen exclu-
sively (H3, Fig. 4A), anti-HSP90« preferentially recog-
nized its target antigen (H2, Fig. 4B) but showed some
cross-reactivity with at least two other clones (H10,
60S ribosomal protein L18A and H3, GAPDH). Anti-
body cross-reactivity was even more pronounced in the
anti-a tubulin screen (Fig. 4C). While the two RF(+) «
tubulin clones in the test set (F9 and A4) were specif-
ically recognized and the only RF(—) clone (C7) was left
undetected, nine other clones showed anti-a tubulin
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reactivity above the arbitrary specificity threshold.
Two of these clones (B1 and B12) represent unknown
genes, and G1 is an RF(—) B tubulin clone. H3 is the
GAPDH positive control clone of Fig. 3 (see above),
which to some extent seems to cross-react unspecifi-
cally (Figs. 4B and 4C), possibly due to an exceptionally
high level of protein expression. Surprisingly, all other
(five) clones above threshold express ribosomal pro-
teins in a correct reading frame (E5, RPL3; H10,
RPL18A; E6 and D8, RPS2; F7, RPS3A). Only one
additional ribosomal protein in the test set (E3, RPS25)
did not show an anti-a tubulin reactivity. The epitope
recognized by the anti-« tubulin antibody (YL1/2) (28)
was identified as the linear sequence spanning the
carboxy-terminal residues of tyrosinated « tubulin
(29). According to those authors, the minimal sequence
requirements, as defined by dipeptide studies, are a
negatively charged side chain in the penultimate posi-
tion followed by an aromatic residue which must carry
the free carboxylate group. Because none of the cross-
reacting ribosomal proteins on our microarrays fulfill
these requirements, other (e.g., structural) epitopes
might mimic the antigenic specificity.

In summary, the detection of antibody cross-reactiv-
ities on protein microarrays is not surprising because
antibodies are not usually tested against whole librar-
ies of proteins. This suggests an interesting application
of the described technology for screening antibodies
against arrays of potential antigens to detect common
epitopes. This seems particularly important for re-
agents that are to be used for immunohistochemistry
or physiological studies on whole cells or tissues, where
they face batteries of different structures. Using the
same technology, antibodies with no known antigen
specificity (e.g., lymphoma proteins) can be screened
for binding to a highly diverse repertoire of protein
molecules. Because all of these proteins are expressed
from isolated clones of arrayed cDNA libraries, the
corresponding inserts can easily be sequenced to iden-
tify antigen-encoding genes. Such an approach can be
used for homology studies on protein families, defining
binding domains and epitopes. Furthermore, the tech-
nique is not limited to antigen—antibody screening but
should be applicable to any ligand-receptor system.

CONCLUSIONS

We have shown that protein microarrays provide
the means for very sensitive gene expression and
antibody specificity screening at high throughput.
Using a new transfer stamp, 4800 samples can be
placed onto a microscopic slide and simultaneously
screened, applying minimal amounts of reagents.
Sharp and well localized signals allow the detection of
250 amol or 10 pg of a spotted test protein (GAPDH).
Protein expression clones of a cDNA library are reli-
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ably detected, with a low rate (11%) of false-positive
clones expressing proteins in incorrect reading frames.
Antibodies can be screened for specificity against whole
libraries of proteins.

In the context of genomics and proteomics, protein
microarrays are a useful tool for connecting gene ex-
pression analysis and molecular binding studies on a
whole-genome level. If differentially expressed genes
are identified using cDNA microarrays, the same
clones can be analyzed simultaneously for protein ex-
pression in different cellular systems or by in vitro
transcription/translation. On identical protein mi-
croarrays, expression clones can be screened for bind-
ing to other proteins (e.g., antibodies) or to a plethora
of diverse molecules from nucleic acids to small-mole-
cule ligands. This versatility should make protein mi-
croarrays a multipurpose tool for diagnostic use.
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