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To broaden the range of tools available for proteomic
research, we generated a library of 16,368 unique fulllength human ORFs that are expressible as N-terminal
GST-His6 fusion proteins. Following expression in yeast,
these proteins were then individually purified and used to
construct a human proteome microarray. To demonstrate
the usefulness of this reagent, we developed a streamlined strategy for the production of monospecific monoclonal antibodies that used immunization with live human cells and microarray-based analysis of antibody
specificity as its central components. We showed that
microarray-based analysis of antibody specificity can be
performed efficiently using a two-dimensional pooling
strategy. We also demonstrated that our immunization
and selection strategies result in a large fraction of
monospecific monoclonal antibodies that are both immunoblot and immunoprecipitation grade. Our data indicate that the pipeline provides a robust platform for
the generation of monoclonal antibodies of exceptional
specificity. Molecular & Cellular Proteomics 11:
10.1074/mcp.O111.016253, 1–10, 2012.

Protein affinity reagents are fundamental tools of both basic
and applied biomedical research. They are used for a wide
range of applications, including measurement of protein expression levels, detection of protein-protein and protein-nucleic acid interactions, and detection of disease biomarkers
(1). Currently, the most widely used protein affinity reagents
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are polyclonal and monoclonal antibodies. Monoclonal antibodies (mAbs)1 are indefinitely renewable and recognize a
single protein epitope, making them the more desirable of the
two reagents for most applications (2, 3). Indeed, with over 20
mAb-based drugs now in use and over 100 in clinical trials,
they have also become a central pillar of the biopharmaceutical industry (4). However, despite their widespread use, well
characterized protein affinity reagents are not available for the
great majority of human proteins. This lack of characterization
has led to a major bottleneck in analyzing protein expression
and function, often making interpretation of data obtained
using any class of protein affinity reagent problematic (5, 6).
Several recent studies have suggested that many commercially available mAbs may not even recognize their purported
targets and cross-react extensively with other cellular antigens (7). Antibody cross-reactivity is an even more pressing
problem in diagnostic and therapeutic applications, as underlined by the recent withdrawal of several mAb-based pharmaceuticals from the market (8, 9).
Several large scale efforts are now underway to systematically identify high grade antibodies against much of the human proteome (4, 10 –12). These approaches, which are primarily directed toward validation of polyclonal antibodies, rely
heavily on immunocytochemistry and immunohistochemistry
for validation, using both cell lines and tissue microarrays.
Although these efforts provide a great deal of useful information, they neither cover all tissues nor confirm that the antibody in question is actually recognizing its target antigen in all
of the tissues examined. To address this, it would be necessary to comprehensively measure cross-reactivity of any
given antibody against the full proteome, something that is in
principle possible using microarray-based analysis of antibody specificity (13–15).

1

The abbreviations used are: mAb, monoclonal antibody; DMEM,
Dulbecco’s modified Eagle’s medium; ICC, immunocytochemistry;
shRNA, small hairpin RNA; IP, immunoprecipitation; F/B, foreground/
background signal; mmAb, monospecific mAb; QC, quality control.
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A protein microarray approach has been previously used to
analyze the specificity of antibodies generated against viral
(16), microbial (17, 18), and mammalian (19 –22) proteins and
is already used on a small scale as part of the Human Protein
Atlas project (11). However, existing human protein microarrays either are protein family-specific (22) or are comprised of
only a minority of the human proteome (20, 23, 24). Although
Goshima et al. (25) described fabrication of a more comprehensive human protein microarray that contained a total of
13,364 human proteins, these proteins were not purified away
from the in vitro translation reaction mixtures used for protein
synthesis, a fact that severely limits the potential usefulness of
this reagent.
To remedy this situation, we have developed a microarray
that includes nearly two-thirds of the annotated full-length
human proteome. The proteins used to generate this microarray were purified under native conditions at low cost following
galactose-induced expression from Saccharomyces cerevisiae (24, 26). Expressing recombinant eukaryotic proteins in
yeast allows one to obtain higher success rate of purification
and also improves the chances that proteins will retain biological activity relative to prokaryotic and in vitro-based expression systems (24, 26, 27). Furthermore, the use of an
evolutionarily distant heterologous expression system like
yeast minimizes the risk of contamination of recombinant
human proteins with interacting cellular proteins, which is a
potential complication that can result from the use of mammalian cells for protein expression.
A microarray with this level of coverage of the human proteome can potentially be used to identify antibodies that
efficiently recognize proteins in their native conformation and
that are thus useful for applications such as immunoprecipitation. We have used this tool as the backbone of an integrated platform that enables rapid and low cost identification
of mAbs that both selectively bind a diverse assortment of
human proteins and are useful in a wide range of experimental
applications.
MATERIALS AND METHODS

Human Protein Microarray Construction—The cloning of human
ORFs and protein purification was described previously (24). NanoPrint LM210 system (ArrayIT, Sunnyvale, CA) was used to print protein microarrays on Full Moon slides (Full Moon BioSystems, Sunnyvale, CA).
Generation of Hybridomas—Cultured human cells (SH-SY5Y,
HepG2, HCT116, HeLa, HL-60, and MCF7) used for immunization
were grown to mid-log phase in appropriate media, collected from
culture by centrifugation, and washed three times with cold PBS.
Equal volumes of pelleted cells and Titermax adjuvant were combined
and emulsified by vortexing. 6 – 8-week-old BALB/c mice were immunized in rear footpad or hock area with volumes of this mixture
containing the equivalent of 2.5 ⫻ 106 cells. Popliteal lymph nodes
were harvested 14 –16 days later and teased into single-cell suspensions. These immune cells were fused to SP-2/0 myeloma cells with
50% polyethylene glycol under standard conditions (3). Fusion reactions were plated into 60-mm Petri dishes containing DMEM, HAT,
and 1% methyl cellulose and incubated at 37 °C under 5% CO2
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atmosphere. Clonal colonies were visualized with an inverted stage
dissecting microscope, harvested with microcapillary pipettes, and
transferred into 96-well plates containing DMEM and HAT for expansion. Culture supernatants from individual wells were tested by ELISA
for the presence of IgG, and antibody-positive wells were expanded
into T-25 flasks to generate IgG-containing medium for subsequent
antibody characterizations.
Immunocytochemistry (ICC) Prescreening of mAbs—Cultured cell
lines used for immunization were grown to 80% confluence in appropriate media, harvested, and plated with fresh media onto untreated
(for HeLa and HCT116 cells) or poly-L-lysine-coated (for SH-SY5Y,
HepG2, MCF7, and HL-60 cells) 16-well glass slides. Slides receiving
HL-60 cells were additionally centrifuged for 2 min at 200 r.c.f. to
improve attachment. All of the slides were incubated overnight at
37 °C with 5% CO2 atmosphere. The cells were washed two times
with PBS and fixed with 100 l of 4% paraformaldehyde in PBS for 15
min at room temperature. The wells were blocked with 100 l of a
mixture of 3% goat serum, 3% BSA, 0.1% Triton X-100 in PBS for 1 h
at room temperature. mAb-containing solutions were adjusted to10
g/ml IgG in blocking buffer and incubated with cells for 2 h at room
temperature or overnight at 4 °C. The wells were washed three times
with 150 l of PBS for 10 min. Secondary antibody (anti-mouse
IgG:DyLight 488) was added to wells at room temperature for 2 h in
the dark. Wells were washed three times with PBS, gaskets were
removed, and the slides were mounted with antifade solution for
viewing with a fluorescence microscope equipped with a computercoupled camera.
Protein Microarray-based Analysis of mAb Specificity—Hybridoma
supernatants (with antibodies at an average final concentration of 20
g/ml in 1⫻ PBS) were screened in batches of 144 as two-dimensional pools. Twelve horizontal and vertical pools of 300-l volume
were generated, consisting of equal mixtures of supernatants derived
from 12 different hybridomas. These supernatants were combined
such that each individual hybridoma was included in exactly one
vertical and one horizontal pool, but such that no two hybridomas that
are part of a given horizontal pool are found together in any vertical
pool. The binding specificity of each horizontal and vertical pool was
then profiled. Protein microarrays were then blocked for 2 h with 2%
BSA in 1⫻ PBS at room temperature, incubated with antibody pools
for 1 h at room temperature along with rabbit anti-GST (Millipore) at
1:5000, washed three times for 15 min in 1⫻ TBST, incubated with
1:800 Cy5-goat anti-mouse and 1:1000 Cy3 goat anti-rabbit (Invitrogen) in blocking buffer for 1 h at room temperature, washed three
times for 15 min in 1⫻ TBST, rinsed once in double-distilled H2O,
spun dry, and scanned using a GenePix 4000B scanner (Molecular
Devices, Sunnyvale, CA). Scanned images were analyzed using
GenePix software, and proteins that bound to serum mouse IgG alone
were excluded from analysis. Signal intensity was then calculated as
the ratio of median foreground and median background signals in the
Cy5 channel when analyzing bound mAb signal and the Cy3 channel
when detecting GST.
To quantify the affinity of individual mAbs to specific proteins on
the array, we first calculated the mean and standard deviation of the
signal intensity across all spots on the chip. We obtain normalized
signal intensity for any pair of spots, which we define as A, which is
the mean z score for each duplicate pair of spotted proteins, where
An ⫽ (In ⫺ m)/. Here, I is the ratio of median foreground and median
background fluorescence for any given spot pair n, m is the median
value for I for all spots on the array, and  is the standard deviation for
I. mAbs found in one unique row pool and one column pool that
showed z scores greater than 2.8 for both duplicate spots of any
given protein were then flagged for individual analysis.
mAbs identified as potentially specific using this pooling strategy
were then tested individually against the entire array, and A was
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measured for each spotted protein. We next quantitatively evaluated
the specificity of any individual mAb identified as potentially specific
by means of this analysis. To do this, we calculated a value for
specificity that we define as S, where S ⫽ A1 ⫺ A2. Here, A1 represents the spot pair on the array that shows the highest value of A, and
A2 represents the spot pair with the second highest value of A.
Ascites Generation and Antibody Purification—6 – 8-week-old
BALB/c mice were primed with 0.5 ml of Freund’s incomplete adjuvant injected intraperitoneally and rested for 5–7 days. Hybridoma
cells were grown to log phase and washed three times with PBS. Five
million hybridoma cells were injected intraperitoneally with 0.5 ml of
PBS. The mice were monitored daily for ascites production. Ascites
was harvested a maximum of three times per animal, pooled, clarified
by centrifugation at 6000 r.c.f. at 18 °C, and stored at ⫺80 °C.
Thawed ascites were centrifuged at 15,000 r.c.f. for 10 min at 4 °C to
remove excess liquid. Protein G-Sepharose was added (125 l of
bead volume/ml of ascites) and rotated at 4 °C for 1 h. The beads
were washed three times with cold 50 mM sodium phosphate, pH 7.0,
and antibody was eluted with 300 l of 100 mM glycine, pH 2.5. Eluted
material was neutralized with 50 l of 1 M Tris, pH 9.0, and dialyzed
overnight at 4 °C against PBS.
Plasmid Preparation and Protein Expression in Human Cells—
Target protein ORFs were transferred into pcDNA-3.1-V5 (Invitrogen)
using LR reaction. The resulting expression constructs were digested
with BsrGI to confirm clones. Sequencing further validated the identity of expression vectors.
Cell Culture and Transfection—HeLa cells were maintained in
DMEM (10% heat-inactivated fetal bovine serum). SH-SY5Y neuroblastoma cell was maintained in a 1:1 mixture of DMEM/F12
medium supplemented with 10% heat-inactivated fetal bovine serum. The expression constructs were transfected into HeLa cell
using Lipofectamine 2000 (Invitrogen) following the manufacturer’s
instructions.
shRNA Knockdown—Co-transfection was performed with 1:3 (expression construct: shRNA expression construct). Samples were collected
36 h after transfection for immunoblot. The following clones were used
along with protein expression vectors: ANXA2 (TRCN0000056145),
SRM (TRCN0000045729), SIRPB1 (TRCN0000029799), HNRPC
(TRCN000006645), GMDS (TRCN000052471), and CEACAM6
(TRCN0000062302). TRC shRNA constructs were obtained from the
Genome Resources core facility at the Johns Hopkins University
School of Medicine.
Immunoblot and Immunoprecipitation—1 ⫻ 106 HeLa cells grown
in 6-well plates were lysed in 500 l of buffer consisting of 100 mM
Tris HCl, pH 7.4, 150 mM NaCl, 15% glycerol, 1% Triton X-100,
protease inhibitor tablet (Roche Applied Science), and MG-132 (final
concentration, 100 M). The cell lysate was then centrifuged to remove the insoluble fraction. Cleared lysates were used for immunoblotting with individual monoclonal antibodies. After being stripped,
the same blots were probed using antibodies to actin and the V5
epitope tag to control for protein content and to confirm the expression of the transfected target protein. For IP assays, cleared lysate
was aliquoted into equal volumes, and 2 g of the appropriate antibody was added. Anti-V5 antibody was used in parallel as a positive
control. As a negative control, primary antibody was excluded. The
mix was incubated at 4 °C for 2 h. Twenty-five microliters of prewashed protein G Dynabeads (Invitrogen) was added to the mix and
incubated for an additional 2 h at 4 °C. The IgG-protein complex was
separated by a magnetic separator and washed two times with PBST
(0.1% Tween 20). The samples were transferred to a fresh tube, and
a final wash with PBST was followed. The samples were separated on
SDS-PAGE and transferred to nitrocellulose membrane. After blocking with 5% skim milk in PBST, anti-V5 horseradish peroxidase conjugate (Invitrogen) was used for immunoblotting.
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Analysis of Commercially Available mAbs—Only mouse mAbs reported to recognize unmodified human proteins were used for this
analysis. Information on the vendor’s website was used to determine
the experimental uses of each mAb. To select 100 random mAbs from
commercial suppliers, a random number generator was used to select
a number between 1 and 26. This was then used to select the
corresponding letter of the alphabet, which was then used to search
the online catalogue for each supplier. mAbs were then selected for
inclusion in descending alphabetical order. If more than one mAb
recognizing a given protein was included in the catalogue, only the
first listed mAb was included in the analysis.
Statistical Analysis—The values in this study are represented as the
means ⫾ S.D. Statistical comparisons were done using a two-tailed
Student’s t test, and p ⬍ 0.05 was considered to be statistically
significant.
RESULTS

Construction of a Human Proteome Microarray—We constructed a proteome microarray consisting of 16,368 unique
full-length human proteins, which represent a total of 12,586
different full-length genes, in all covering ⬎60% of the annotated human proteome (28) (Fig. 1). To express and purify
these proteins, we first subcloned the Invitrogen ultimate ORF
collection (29), along with 445 additional full-length ORFs
generated in our own labs, into a yeast expression vector,
which allows galactose-dependent overexpression of N-terminal GST- and His6-tagged recombinant proteins as previously described (24) (supplemental Table 1). Protein quality
was determined by GST immunoblotting of a subset of recombinant proteins (Fig. 1). Based on these results, we estimated that 98% of all proteins showed a major band of the
expected size following purification (supplemental Fig. 1 and
supplemental Table 2).
We next spotted the full set of purified recombinant proteins, in duplicate, along with a set of control proteins (e.g.
GST, BSA, histones), on a single glass slide, and evaluated
the quality of the resulting array by probing with an anti-GST
antibody (Fig. 2a and inset). Histogram analysis showed that
although the distribution of the foreground and background
intensity exhibited typical bell-shaped curves, the distribution
of the foreground intensity (Fig. 2b, red) is almost completely
separated from that of the background (Fig. 2b, black), indicating that the great majority of printed spots contained substantial levels of recombinant protein. Indeed, ⬎93% of spotted proteins showed a foreground/background signal (F/B)
ratio of at least 1.5 (supplemental Table 3). As illustrated in
Fig. 2c, the proteins spotted on the microarrays are expressed
in a broad range of different subcellular compartments. To
determine whether there is any bias against certain types of
proteins, box plots of the F/B ratios versus subcellular compartment or protein family were generated (Fig. 2, d and e).
The results indicated that although proteins localized to the
cytoplasm (p ⫽ 1.27E-40) or mitochondria (p ⫽ 7.56E-8)
showed significantly higher F/B ratios when compared with all
proteins on the array, proteins localized to the plasma membrane are more challenging to produce. A similar trend was
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FIG. 1. Construction of a human
proteome microarray. A human ORF
collection was mobilized into a yeast
galactose-inducible GST fusion vector
(pEGH-A) using Gateway-mediated
site-specific recombination. Individual
clones were verified to have correctly
sized inserts by BsrGI digestion.
Clones with confirmed identities were
transformed into yeast, and large scale
protein expression and purification
were performed. Protein size and purity were tested by anti-GST immunoblotting. Protein samples were printed
on a glass slide in duplicate, and
printed spots were visualized by antiGST antibody.

observed when F/B ratios were analyzed for individual protein
families; both G-protein coupled receptors and transcription
factors exhibited lower level of expression among protein
families examined (Fig. 2e). Not unexpectedly, these data
imply that the physical and functional properties of target
proteins affect observed protein yield but also show that the
majority of proteins in all major functional classes can be
efficiently expressed and purified using this yeast-based expression system. Finally, to evaluate whether protein length
affects the success of protein purification, we applied a scatter plot analysis but only observed an insignificant negative
correlation (r ⫽ ⫺0.196) between protein length and signal
intensity (Fig. 2f). Taken together, these analyses indicate that
the yeast expression system is suitable for high throughput
protein purification in higher eukaryotes. The microarray produced from these recombinant proteins represents the most
comprehensive protein microarray comprised of individually
purified proteins reported to date.
Generation of Hybridomas and Identification of Target Antigens—Ever since the early days of mAb production, highly
complex mixtures of antigens such as whole cells or tissues
have been used to generate ICC grade mAbs (30, 31). Generating mAbs in this so-called “shotgun” manner greatly increases the likelihood that they will recognize native protein
epitopes, thus increasing the range of potential applications
for the resultant mAbs. However, the major limitation of this
approach has been the difficulty in identifying antigens preferentially recognized by a given mAb, which has typically only
been possible through affinity purification coupled with mass
spectrometry. By screening mAbs against human proteome
microarrays, it becomes possible to directly identify the corresponding antigen recognized by a given mAb that has been
generated by immunization with complex biological samples.
To generate mAbs that recognize a broad range of human
proteins in their native conformations, we have immunized
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mice with a variety of different human cancer cell lines (Fig. 3).
2.5 ⫻ 106 cells were injected directly into footpad or hock
areas, and 2 weeks later popliteal lymph nodes were collected, and lymphocytes were fused with a myeloma line. A
total of 32,112 hybridomas were thus generated, of which
2326 both grew well and were IgG-positive. To enrich for
useful mAbs, a high throughput ICC prescreening step
against the cell line used for immunization was conducted,
using supernatants from 2088 different IgG-positive hybridomas. A total of 643 ICC-positive hybridomas were then grown
further, isotyped, and selected for microarray analysis. To
determine whether this prescreening step indeed enriched for
highly specific antibodies, a total of 332 randomly selected
ICC-negative hybridomas. In addition, a total of 238 randomly
selected hybridomas were used for microarray-based analysis of binding specificity without undergoing ICC prescreening. Individual supernatants were combined into sets of 12 ⫻
12 two-dimensional pools, and these pools were then individually incubated on the human proteome microarrays. This was
then followed by stringent washes and incubation with a
Cy5-coupled anti-IgG secondary antibody to determine their
binding profiles.
Following scanning, we expressed the signal intensity for
each spot as the ratio of median foreground to median background signals. To identify antigens bound by individual
mAbs, a histogram of signal intensity of every protein spot on
an array was plotted to determine the median signal intensity
and S.D. value. Using a z score cutoff of ⱖ2.8, for both
replicate spots, positive antigens were identified; mAbs found
at the intersection between one unique row pool and one
column pool that recognize a particular positive antigen were
then flagged for individual analysis. mAbs identified as potentially specific using this pooling strategy were then tested
again individually using a new array to reconfirm the reactive
antigens. Positive antigens were identified as described
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FIG. 2. Evaluation of human proteome
microarray quality. a, a representative image of a protein microarray. A protein microarray was incubated with anti-GST antibody, and printed spots were identified by
probing with an anti-rabbit Alexa Fluor 555
conjugate. b, a histogram of foreground and
background signal intensities. The x axis
represents log10 scale. c, endogenous distribution of target proteins. d, protein expression levels with different subcellular localization. e, protein expression level by
different protein families. f, protein expression level by protein length. The small boxes
in d and e represents mean values.

above and ranked based on their signal intensity. When signal
intensity of a top antigen is ⱖ6 S.D. above the median and
ⱖ3 S.D. higher than the second best antigen, it is termed a
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monospecific mAb (mmAb) (supplemental Fig. 2). A total of
76 mmAbs were identified (supplemental Table 4). In many
cases, mmAbs showed extremely high selectivity, with 15
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FIG. 3. Strategy for identification of
highly specific mAbs. Various different live
human cell lines were used for immunization
of BALB/c mice. The resulting hybridomas
were tested for secretion of IgG and were
used for ICC for the cell lines used. ICCpositive supernatants were combined in
12 ⫻ 12 two-dimensional pools, which were
then used to probe the human proteome
microarrays. Data from pooled samples
were deconvoluted, and the candidate
monospecific mAbs were then probed to
the human proteome microarrays individually. Examples of antigens recognized by
monospecific mAbs are shown.

displaying an S-score of ⬎50, intensity between the top and
second best antigens (supplemental Fig. 3). We also identified 27 mAbs that bound almost equally well to two different antigens on the array (S ⬍ 3), which we termed dispecific mAbs. Because the top two target proteins may be
readily distinguishable if they show divergent cellular or
subcellular expression, these dispecific mAbs were also
selected for further analysis. Notably, three highly specific
mAbs selectively recognized proteins for which the F/B ratio
of the GST signal was less than 1.3, demonstrating their
ability to readily detect relatively small quantities of recombinant protein.
To further characterize the utility and specificity of the
mmAbs and dispecific mAbs identified in this initial screening
step, we then purified antibodies from either hybridoma supernatants or, in some cases, ascites fluid from BALB/c mice
injected with the hybridomas and used these to conduct a
variety of different assays. We first repeated the ICC analysis
on human cancer cell lines and collected images to assess the
subcellular expression pattern of the endogenous target antigen. Of 79 tested mAbs, 70 produced specific staining in
cultured cells (Fig. 4a and supplemental Fig. 3). Confirmation
of the observed specificity of individual mAbs comes from the
finding that 48 of 64 (75%) of all ICC patterns obtained in this
study matched those previously reported for their target proteins, when these data were available (supplemental Table 5).
The subcellular distribution of the proteins for which high
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quality mAbs were obtained showed no clear preference for
any particular cellular compartment, confirming that shotgun
immunization can generate mAbs to a wide range of cellular
proteins (supplemental Fig. 4). A total of 19% (12 of 64) of the
targets possessed a predicted/annotated transmembrane domain, as compared with 26% for all human proteins (32).
Validation of Identified mAbs—Next, we analyzed the ability
of the newly identified mAbs to detect their top target protein
using immunoblot analysis. Individual target proteins were
overexpressed in HeLa cells as N-terminal V5-tagged fusion
proteins, and expression was confirmed via immunoblotting
with anti-V5. Of 50 purified mAbs tested that recognized a
total of 47 different proteins, 28 (56%) detected their target
protein by immunoblotting, whereas 12 (24%) recognized endogenous untagged protein in these cells (supplemental
Fig. 5). To further confirm the accuracy of these results, we
co-transfected the V5-tagged ORF with individual shRNA
constructs targeting the gene under investigation. In all six
cases tested, we observed a substantial reduction in immunoblot signal, confirming the fidelity of these mAbs (Fig. 4b).
We next tested whether these mAbs could work effectively for
immunoprecipitation and thus recognize native proteins in cell
homogenates. Remarkably, we found that of the 50 purified
mAbs tested, 33 (66%) could efficiently precipitate transfected protein, which was then detected via immunoblotting
with anti-V5 (Fig. 4c and supplemental Fig. 6). In all, 21 of 50
(42%) of all mAbs worked effectively for both immunoblotting
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FIG. 4. Analysis of highly specific mAbs in different research applications. To validate the specificities of individual mAbs, a series of
experiments was performed. a, representative ICC data are shown for endogenous proteins in HeLa (XRCC5, RAB8A), HL-60 (DLAT), and
HCT116 cells (ANXA2). b, shRNA knockdown of target antigens. Plasmids driving expression of target proteins tagged on the N terminus with
the V5 epitope were then transfected either with corresponding shRNA or without shRNA expression constructs. The resulting cell lysates were
analyzed by immunoblot with each mAb in question and anti-V5 antibody for validation of antigen specificity. In each sample, the first lane
shows expression construct, the second lane shows co-transfection of expression and shRNA expression construct, and the third lane shows
no transfection showing endogenous protein detection. c, IP assays. Immunoprecipitation was performed to test whether mAbs recognize
native antigens. V5 fusion constructs were transfected in HeLa cells. Along with input cell lysate, IP was performed with or without mAbs
(negative control). As a positive control, anti-V5 antibody was used to pull down target V5 fusion antigen proteins. First lane, input; second lane,
mAb IP; third lane, no antibody (negative control); fourth lane, anti-V5 IP (positive control). d, assays for which highly specific mAbs were proven
effective. The diagram summarizes the assays for which individual purified highly specific mAbs were confirmed to be specifics. IB,
immunoblot.

and immunoprecipitation. We next investigated whether these
mAbs were useful for a broader range of applications compared with those already available from other commercial
suppliers. We first directly compared mAbs from 12 different
suppliers generated to the same set of 47 antigens as those in
this study (Table I). In all, based on the supplier’s reports, 80%
of commercially available mAbs work for immunoblotting,
55% are ICC or IHC grade, but only 18% are IP grade. In
contrast, a much higher fraction of mAbs generated using the
pipeline described here were ICC and IP grade, although a
somewhat lower fraction were immunoblot grade. To eliminate
any systematic bias introduced by selection of these antigens,
we also investigated the performance of 100 randomly selected
mAbs from a subset of major commercial suppliers and found
that these numbers were very similar, with 86% of randomly
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chosen mAbs working for IB, 55% for IHC or ICC, 17% for IP,
and 11% useful for all three applications (Table II). Furthermore,
no commercially available antibodies were available for 10 of
the proteins recognized by mmAbs identified in this study,
whereas only a single antibody was available for six others
(supplemental Table 5). We thus conclude that the protein
microarray-based shotgun approach described here is able to
generate highly specific mAbs to proteins that are both well and
poorly targeted by the existing antibody repertoire and are
useful for a broader range of applications than those currently
available from commercial suppliers.
Finally, to determine whether the ICC-prescreening step
enriched for highly specific and broadly usable mAbs, we
compared the quality of the antibodies analyzed from the
ICC-positive and the ICC-negative groups. Overall, of the
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TABLE I
Summary of experimental uses for commercially available mAbs that recognize the same target antigens as the highly specific
mAbs identified in this study
The total number of mouse monoclonal antibodies that selectively bind proteins that are also recognized by the highly specific mAbs
identified in this study are listed. All of the mouse mAbs from the indicated supplier that recognize these proteins are included. The total
percentage of mAbs from each supplier reported to be usable for each of the indicated applications is shown. IB, immunoblot; ICC/IHC,
immunocytochemistry or immunohistochemistry; IP, immunoprecipitation; Multiple, useful in at least two of these applications; All, useful in all
three applications. The names of the individual suppliers have been concealed for this analysis.
Supplier

Number of mAbs

IB (%)

ICC/IHC (%)

IP (%)

Multiple (%)

All (%)

Supplier A
Supplier B
Supplier C
Supplier D
Supplier E
Supplier F
Supplier G
Supplier H
Supplier I
Supplier J
Supplier K
Supplier L
All commercial mAbs
This study

57
12
31
19
19
15
44
8
20
9
11
22
267
50

77
83
65
84
63
93
84
88
95
100
91
73
80
56

46
50
71
53
47
73
70
50
20
44
0
86
55
90

16
17
6
5
0
47
39
0
10
22
18
14
18
66

37
42
58
47
26
80
59
38
20
44
9
55
58
74

7
17
6
5
0
33
25
0
0
22
0
9
11
42

TABLE II
Summary of experimental uses for 100 randomly chosen mAbs from different commercial suppliers
For seven major suppliers, 100 mAbs were randomly selected. The total percentage of mAbs from each supplier reported to be usable for
each of the indicated applications is shown. IB, immunoblot; ICC/IHC, immunocytochemistry or immunohistochemistry; IP, immunoprecipitation; Multiple, useful in at least two of these applications; All, useful in all three applications. The names of the individual suppliers have been
concealed for this analysis and match those in Table I.
mAbs by supplier

IB (%)

IHC/ICC (%)

IP (%)

Multiple (%)

All (%)

Supplier A
Supplier B
Supplier C
Supplier D
Supplier E
Supplier F
Supplier G
Overall mean
This study

87
93
96
91
85
67
83
86
56

28
26
83
14
64
70
100
55
90

11
6
0
0
25
34
40
17
66

35
29
81
13
60
55
85
51
74

3
0
0
0
17
21
38
11
42

hybridomas that underwent ICC prescreening, we found that
10.3% (66 of 643) of ICC-positive hybridomas were highly
specific, significantly higher than the 7.5% (25 of 332) positive
rate observed in ICC-negative hybridomas (p ⬍ 0.03). Furthermore, we found that ICC-positive mAbs showed significantly higher signal intensity and specificity than did ICCnegative mAbs (p ⬍ 0.05). Although both pools generated
similar proportions of IB and IP grade mAbs (supplemental
Table 4), ICC prescreening results in a significant improvement in overall antibody quality and specificity.
DISCUSSION

We have constructed the most comprehensive human protein microarray to date that is comprised of individually purified proteins expressed in a eukaryotic cell system. A recent
effort reported construction of a human proteome scale mi-

10.1074/mcp.O111.016253–8

croarray using a wheat germ in vitro translation system for
protein production (25). However, the use of crude translation
reaction mixtures rather than individually purified proteins
may limit the use of this type of protein microarray, because
proteins in each spot are unavoidably contaminated with large
amount of proteins present in the wheat germ system. Because assays conducted on protein microarrays are generally
more sensitive than those performed in a traditional liquidbased format, it is harder to successfully carry out those
assays that require high purity of the spotted proteins using
such a reagent (33). The use of individually purified proteins to
construct a functional protein microarray has been proven
highly successful in characterizing a diverse range of protein
functions over the past decade (11, 14, 15, 17, 22–24, 26, 27,
33). Furthermore, the fact that a majority of the full-length
human proteome is printed on a single slide makes it possible
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to perform more comprehensive screens of protein function in
a high throughput fashion.
Using the human proteome microarray as a central component, we built a pipeline for mmAb selection using random
hybridomas generated by the shotgun approach. The pipeline
for generation of mAbs described here has a number of
unique advantages over existing approaches. First, the use of
live cells as immunogens bypasses the cumbersome and
costly step of antigen preparation and ensures that only proteins in their native conformation are detected by the host
immune system. Second, the use of protein microarrays in the
pipeline effectively allows ready determination of mAb specificity and also provides a direct measurement of specificity
for every mAb analyzed. Third, the incorporation of an ICC
prescreening step increases the likelihood of generating
highly specific mAbs. Finally, mAbs identified using this approach are useful for a wide range of biochemical applications, most notably those requiring recognition of native
epitopes such as immunoprecipitation, and outperform mAbs
available from commercial suppliers. Because immunoprecipitation grade antibodies typically have Kd values no higher
than 50 nM (34, 35), these mAbs typically show both high
affinity and high specificity. The microarray-based analysis
described here is both relatively low cost and high throughput
and can also readily be used to evaluate the binding specificity of any protein affinity reagents, including recombinant
antibodies and aptamers. This platform may prove particularly
useful in evaluating the binding specificity of the many thousands of mAbs already used by the research and clinical
communities and could be readily adapted to identify highly
specific mAbs obtained following immunization with individual
proteins. The development of large numbers of mAbs made
using a single, consistent pipeline and exhibiting high specificity using the approaches described here may have major
implications for both basic and clinical research.
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