#2 © 2000 Nature America Inc. ¢ http://biotech.nature.com

#4 © 2000 Nature America Inc. » http://biotech.nature.com

RESEARCH ARTICLES

Antibody arrays for high-throughput
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We have developed a novel technique for high-throughput screening of recombinant antibodies, based
on the creation of antibody arrays. Our method uses robotic picking and high-density gridding of bacteria
containing antibody genes followed by filter-based enzyme-linked immunosorbent assay (ELISA)
screening to identify clones that express binding antibody fragments. By eliminating the need for liquid
handling, we can thereby screen up to 18,342 different antibody clones at a time and, because the clones
are arrayed from master stocks, the same antibodies can be double spotted and screened simultaneously
against 15 different antigens. We have used our technique in several different applications, including
isolating antibodies against impure proteins and complex antigens, where several rounds of phage display
often fail. Our results indicate that antibody arrays can be used to identify differentially expressed proteins.
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The availability of large phage—antibody libraries! has provided a
source of binders to almost any antigen, including many that were
previously considered difficult targets, such as self-antigens’* or
cell surface proteins®”’. Phage selection involves repeated rounds of
growth, panning, and infection, which selects both for binding and
for antibody fragments that are well expressed on phage. In addi-
tion, when selecting against highly complex targets (e.g., whole
cells, cell lysates, or membrane preparations®'?), there is often a
strong bias for antibodies directed against immunodominant epi-
topes and abundant proteins. To isolate the maximum diversity of
binders it is therefore advantageous to analyze clones as early as
possible in the selection procedure. Depending on the library and
the number of input phage, the first round of phage selection gen-
erally yields 10°-107 clones. Thus, conventional enzyme-linked
immunosorbent assay (ELISA) screening using 96-well plates
would only allow a small percentage of the selected clones to be
screened. One way to increase throughput would be to use larger
filter-based assays that allow up to 10° clones to be simultaneously
screened on a single filter.

Mass screening was first described using expressed proteins in
lytic A-phage plaques!! and later applied to screening libraries of
recombinant antibodies'>!*. Antibodies are absorbed (or captured
on a “generic” ligand that binds all antibodies regardless of target
ligand specificity') on a filter that is left in contact with a lawn of
lytic phage plaques. The filter is then probed with labeled antigen.
Skerra and colleagues'® showed that the addition of a second filter
reduced the background caused by bacterial debris. Here, bacterial
clones are grown on a filter and the antibodies they secrete are cap-
tured on a second filter that is coated with a generic ligand® or the
target antigen'® and placed directly beneath the first filter. This sec-
ond filter can then be removed and probed with labeled antigen
(where the filter is coated with a generic ligand) or with labeled
generic ligand (where the filter is coated with target antigen).

Although such screening techniques enable large numbers of
clones to be screened against a single antigen, because the
plaques/bacteria are spread at high densities, it is difficult to identify
genuine positives and isolate them from neighboring negatives. In
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practical terms, groups of clones (that correspond to the regions
where a potential positive signal was observed) have to be deconvo-
luted by screening further lifts to identify a single binding antibody.
Furthermore, it is often difficult to rescue viable clones from bacter-
ial colonies that have been induced for protein expression'®. Finally,
such techniques are not suitable for screening against several anti-
gens, because duplicate filters are difficult to produce and signals
produced by the same antibodies against different antigens are hard
to compare. This can lead to the isolation of a large number of false
positives, because “sticky” or cross-reactive clones cannot be exclud-
ed during the initial screen.

To create a more robust screen for antibody—antigen interac-
tions, whereby many antibodies are screened in parallel against
many antigens, we wondered whether filter-screening techniques
could be applied to ordered arrays of antibodies generated by robot-
ic picking and gridding.

Results

Creation of high-density antibody arrays. We compared the signals
derived by direct capture of scFvs on antigen-coated filters followed
by probing with a labeled generic ligand with those derived by cap-
ture on a generic ligand-coated filter followed by probing with
labeled antigen. We found that direct capture on antigen gave a con-
sistently higher signal-to-noise ratio (data not shown).
Furthermore, coating the antigen on the filter removes the need to
label every antigen, which is time consuming and can be difficult for
certain antigens.

Although, in principle, any antibody library could be used as a
source of binders, we used a scFv library in which all members are
well expressed and bind the generic ligands protein A and protein L
(see Experimental Protocol). Because all scFvs in this library have
binding sites for proteins A and L, we can determine both the extent
of antigen binding (by capture on antigen and detection with pro-
tein A or L conjugates) and scFv expression (by capture on protein L
and detection with a protein A conjugate, or vice versa).

One round of phage selection was performed with this library
using purified bovine serum albumin (BSA) as the target antigen. A
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total of 1.9 x 10* phage were eluted from the immunotube and
infected into fresh bacteria. Clones (8,448, a number which repre-
sents almost half of the phage recovered from the first round of
selection) were robotically picked and gridded. To identify BSA-
specific binders as well as any cross-reactive clones, scFvs were
screened on filters coated with either BSA (Fig. 1A), human serum
albumin (HSA, Fig. 1B), or a mixture of irrelevant proteins (in this
case Hela cell proteins, data not shown), and then detected with
protein L-horseradish peroxidase (HRP). We found that 49 of the
8,448 arrayed clones recognize only BSA (0.6%), and 2 out of 8,448
clones (0.02%) recognize both BSA and HSA but not the mixture of
irrelevant proteins. Because BSA and HSA are 76% homologous on
the amino acid level, it is not surprising that some antibodies recog-
nize both proteins. To confirm whether these antibodies bind their
respective antigens in conventional ELISA, 30 were taken from the
master 384-well plates, grown, and induced in liquid culture.
Nineteen of the 30 clones gave a clear positive signal on BSA or
BSA/HSA and were negative on the mixture of irrelevant proteins,
indicating that the high-density filter screen was indeed able to iden-
tify specific antibodies that bind as soluble fragments. Subsequent
analysis of these anti-

Figure 1. Antibody array screening after one
round of phage selection using BSA. (A)
Screening for BSA-binding scFvs. (B)
B Screening for HSA-binding scFvs. The panel
depicted here consists of 2,304 clones each
double spotted plates (384 x 6 x 2, in this
example plates 7 and 8 were not used).
Bacterial clones were arrayed in a 4 x 4
pattern (see expanded panel), BSA-specific
antibodies are circled. The box indicates a
BSA/HSA dual reactive clone. The fraction of
bacterial clones expressing functional
antibodies was also determined by array
screening, by capturing the expressed scFvs
on a Protein L-coated filter followed by
detection with Protein A-HRP. This showed
that about 50% of the clones expressed
[ functional antibodies (data not shown).

ventional ELISA screening of clones selected using either 100% or
20% ubiquitin (Table 1). However, where only 2% or 0.2% was used,
no anti-ubiquitin scFvs were identified by conventional screening
even though significant phage—antibody enrichment was observed
after the second round of selection (these antibodies are presumably
directed against components of the bacterial lysate). In contrast,
mass array screening after a single round of selection yielded specific
ubiquitin binders for all dilutions, including 0.2% (Table 1). Forty-
eight clones identified as being ubiquitin specific by array screening
were picked, induced in liquid culture, and tested in conventional
ELISA. Of these, 34 clones were confirmed as strong binders to ubiq-
uitin (but were negative using an irrelevant bacterial lysate as the
antigen; see Table 1). Thirteen of these clones were sequenced, and
all were found to be different (Table 2), demonstrating that a wide
diversity of binders was present. Several of these were tested on west-
ern blot analysis of recombinant ubiquitin and many gave a strong
signal (data not shown).

Antibody arrays against complex antigens. Next, we tested
whether array screening could be performed on clones selected using
mixtures of three unpurified bacterial lysates containing the recom-

bodies indicated that Table 1. Comparison of array screening with multiple rounds of phage display

most bind to native but Single antigen, recombinant ubiquitin (T)

not to denatured BSA

(data not shown). Round 1 Round 2

Array  screening
versus conventional Percentage Phage titer? Array ELISA Phage titer ELISA
selection and ELISA protein? screening® screening¢ screening®
screening. To compare 100 5x 105 98/3,072 (3.2%; 17/18) 2/24 (8.3%) 6x 108 24/24 (100%)
the utility of a mass 20 4 %10 19/3,072 (0.6%; 9/18) 0/24 (0%) 4 %108 9/24 (37.5%)
array screen following a 2 5x 105 9/3,072 (0.3%; 6/8) 0/24 (0%) 6 x107 0/24 (0%)
Single round of phage 0.2 2 x10° 4/3,072 (01 %; 2/4) 0/24 (O%) 3 x108 0/24 (O%)
selection to a conven- i i
tional ELISA screen Mixture of antigens D, M, and T
following one or two Round 1 Array screening
rounds of phage selec-
tion, puriﬁed recombi- Percentage protein? Phage titer® D positives® M positives® T positives®
nant ubiquitin (antigen
T, see Experimental 0.2 4 x 10 7/3,072 (0.2%; 6/7) 1/3,072 (0.03%; 1/1)  30/3,072 (1%; 4/5)

> 0.05 4 %104 7/3,072 (0.2%; 5/7) 7/3,072 (0.2%; 7/7) 71/3,072 (2.3%; 7/10)

Protocol) was used as 0.005 4x10¢ 4/3,072 (0.1%; 4/4) 4/3,072 (01%; 4/4)  10/3,072 (0.3%; 6/7)
an antigen for library 0.0005 4 x104 7/3,072 (0.2%; 4/7) 1/3,072 (0.03%; 0/1) 3/3,072 (0.1%; 1/2)

selection, either undi-

luted or diluted at dif- aThe approximate percentage of target protein present in the bacterial lysate during phage selection.

. bThe approximate number of phage recovered after each round of selection. Input phage titers were routinely 102,
ferent levels in a bacter-  cThe number of clones identified by array screening (as a percentage of the total in parentheses) that give a signal on the target anti-
ial lysate. After two gen but not on any of the other antigens tested (including irrelevant antigens). In each case, several of these clones were picked and

rounds of phage selec-

induced for soluble expression. The number that were confirmed as binding strongly to their target antigen in conventional ELISA (and
were negative for the other antigens) is also given in parentheses along with the number tested.

tion, .ublql.utln binders 9dAs an alternative to array screening, clones were randomly picked from the various selections and directly tested by conventional sol-
were identified by con- uble ELISA. The number of positives is given (as a percentage in parentheses).
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binant proteins, D, M, or T, at concen-
trations of [0.2%, 0.05%, 0.005%, or
0.0005% of total protein (see
Experimental Protocol). In total,
12,288 clones (thirty-two 384-well
plates) were picked and gridded, and
identical copies of this array were
screened separately against each of the
three lysates using a coating concentra-
tion on the filters of (1100 pg/ml of
total protein (containing antigens D,
M, or T at approximate concentrations
of 5,5, and 10%, respectively; if screen-
ing was performed using 0.5, 0.5, and
1% D, M, and T, respectively, only
about a tenth of the binding scFvs gave
a detectable signal).

Specific binders to D, M, and T
were identified (Fig. 2 and Table 1),
and a limited number of positive
clones, selected using different concen-
trations of recombinant D, M, and T,
were picked and tested in conventional
ELISA for binding to their respective
antigens. Specific binding of soluble
scFvs was confirmed for D (19/25 test-
ed clones), M (12/13), and T (18/24)
(see Table 1), including some that were
selected using only 0.005% (MIl1,
M12, T23, T24, T25, T27, and T28) or
0.0005% of recombinant protein in the
lysate (D7, D9, and T29). Thirty-five of
the  confirmed  positives  were
sequenced and all were different (Table
2), indicating that a wide diversity of
binders was present. The 12 confirmed
anti-M scFvs were tested for binding
on BlAcore (see Experimental
Protocol), and one (M12) was found to
bind strongly to purified antigen M
(with a solution affinity of 21 nM).

Our success in selecting antibodies
against dilute components in complex
cellular mixtures suggested that the
same procedure could be used to select
antibodies against targets present in
natural cell extracts. Furthermore,
using parallel screens it should be pos-
sible to identify those antibodies that
recognize proteins that are differential-
ly expressed between cell types. The
scFv libraries were therefore selected
on a lysate of HeLa cells. Clones
(9,216) were gridded and tested for
binding to filters coated with the HeLa
cell lysate, a yeast cell lysate, or a bacte-
rial lysate. From the screen, antibodies
were identified that bound the HeLa
lysate alone (27), HeLa and vyeast
lysates (4), or HeLa, yeast and bacterial
lysates (75), the last probably corre-
sponding to cross-reactive or “sticky”
binders. The 27 Hela cell-specific
clones were isolated and further tested
by western blot analysis of HeLa and
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Table 2. Antibody sequences of clones identified using array screening

Clone Library? Antigen CDRH2 CDRH3 CDRL2 CDRL3
Single antigen T (recombinant ubiquitin)

Ul DVT T _TISTS GGYYYADSVKG GGFPY TASAQS QQTYSKST
u2 DVT T _NGYDGSSTDYADSVKG GASDY AMSTLQS QQTYNSST
us DVT T _TSYS GAYTNYADSVKG GGEBY MSTLQS QQTYSRYT
u4 DVT T _TSDAGGAYYADSVKG NASDY SASS QS QQSANSYT
us DVT T _SGGTGSIYYADSVKG GSGDY AASSQS QQSYSANT
U6 DVT T _TAAS GYDTYYADSVKG GASDY AMSOQS QQSSSENT
u7 DVT T NSYSGYNNYADSVKG NASDY SASI QS QQSYSHTT
us8 DVT T _TYGNGYATAYADSVKG GAFDY SASS.QS QQSYAHAT
u12 DVT T _TAAT GNYAYADSVKG GGEBY ASS QS QQSYSANT
u13 DVT T _AGSYGGNYYADSVKG TINTEDY MSTLQS QQCSGXTT
u16 DVT T _TSNDGTTTYYADSVKG GGFBY SASA QS QQAYASST
u17 DVT T _SAGTGATTDYADSVKG SASAY TJASTLQS QQTTDFAT
u19 DVT T TISDSGNNTYADSVKG _AASDY SASIQS QQSADAYT
Mixture of antigens D, Mand T

D1 NNK D _MOSPGARTYADSVKG NSFHDY RSHRQS QQWRWRM
D2 NNK D _8*R GLNILYADSVKG VTPEDY QASAQS QQLAVHRT
D4 NNK D _BATT GRGKYADSVKG PRLFDY  SASTLQS  QQKHAPST
D5 NNK D _M®AGGSYTSYADSVKG SGOHY ASSQS QQCSY™DT
D6 NNK D _$5*T GRKLYADSVKG QREDY 1ASHQS QQLSPPGT
D7 NNK D _BKT GTVII YADSVKG QGEFDY MMSRQS QQGPGIAT
D9 DVT D n.a. n.a. S _ASALQS QQSYTeCT
D10 NNK D _TTRS GM*TKYADSVKG QSIFDY KASALQS QQTRHART
D11 NNK D _ISARGN*TRYADSVKG YIKRDY AASS QS QQSYSANT
D3n NNK D _INSNRGYKITAYADSVKG ROMDY SASM.QS  QQNAKRST
M4 DVT M _NYNGSSYYADSVKG SSYDY SASTLQS QQDGNEST
M5 DVT M _NYS GNYWSYADSVKG SNFDY DASTLQS QQNSSSST
M6 DVT M _MYSGNYWTYADSVKG STTEDY SASS.QS QQNSNIGT
M7 DVT M _MNYT GSYTAYADSVKG ASYDY [DASTLQS QQATSBGr
M8 NNK M _PSYT GNYAYADSVKG RALIRDY KASM QS QQSIN®ST
M10 DVT M _MNYSGNWTYADSVKG STTEDY SASS.QS QQNSNIGT
M11 DVT M _TYNGYTTTYADSVKG ASTEDY SASS.QS QQNYSXGT
M12 DVT M _BYNGSITYADSVKG ATYRDY YASWQS QQAYSRNT
T12 NNK T _AAHSGD*TTYADSVKG SMEDY RSHQS QQIQRALT
T13 DVT T TIADSGTATYYADSVKG GAADY ASI QS QQTYARAT
T14 DVT T TIGYDGNN SYADSVKG SASAY AASTLQS  QQSSYRYT
T15 DVT T TISYDGGGYYADSVKG AAFADY SASS QS QQSSSBIT
T16 DVT T AGYDGAN'GYADSVKG GSGEDY SASTLQS  QQGYSMAT
T17 DVT T TISSGGDTTYYADSVKG GANBDY TASS. QS QQTNTRATT
T19 DVT T TISSDGSN'YYADSVKG SAGDY AASN.QS  QQSNSSIT
T20 DVT T TIGNSGDN'YYADSVKG SAFDY ASTLQS QQNNSST
T21 DVT T NGSGGTTTAYADSVKG GAGRY AMSTLQS QQAYSRIT
T22 DVT T TIGSSGDNYYADSVKG GASDY MSYLQS QQSAGHAYT
T23 DVT T TIAYDGTNITYYADSVKG NAGDY AASA QS QQAYSHNT
T24 DVT T TISYAGDYTYYADSVKG GGABRY AASTLQS QQNYNSIT
T25 DVT T SSTDGYYTYYADSVKG GGEDY SASSQS QQNSSEST
T27 DVT T TIAASGYDYYADSVKG GAFDY AASS QS QQTSTHKST
T28 NNK T _TSMNGSLTTYADSVKG GASWY BFASOLQS QQHMSMT
T29 DVT T SGTSGDYYYADSVKG GGERY TASGQS QQATNEXT
T14n DVT T TISSDGATTYYADSVKG NASADY AASN.QS QQSYSBXYT
Hela lysate

2M15 NNK HeLaprotein T _ITDNGASTAYADSVKG NKYDY NMSS QS QQAYSRAT
2G11 DVT HelLaprotein Y _IASAGDGSYADSVKG GAGDY @GSSQS QQSYSSIT
8F20¢ DVT HelLaprotein S _IAASGYYTDYADSVKG NYWDY TASS QS QQAAARST
14H10 DVT Helaprotein S _IYDSGDS GYADSVKG GAYDY DASTLQS QQANTSIT
20M8 DVT HeLaprotein N _INYNGNYNYADSVKG NYWDY DASYLQS QQGYNAAT
16P1¢ DVT HelLaprotein S _INGAGTYTSYADSVKG NYWDY MSGQS QQYNIRTT
17L13¢ DVT HeLaprotein N _ISTNGYJYYADSVKG AYDFDY AASS.QS QQYGSPNT
21L23¢ DVT HelLaprotein S _ISAYGSSINYADSVKG NYYWDY  n.d. n.d.

aAll clones were selected from libraries based on a single human framework comprising the heavy-chain germline
genes V3-23/DP-47 and Juydb and the k-light chain genes 012/02/DPK9 and J1 with side chain diversity (either
NNK or DVT encoded) incorporated at 18 different positions in the antigen binding site (underlined). Depending on
the antigen, the scFv clones are derived mainly from the NNK (antigen D) or the DVT (antigens M and T) encoded
libraries. *Indicates a TAG stop codon that is read as glutamine in the TG1 suppressor strain. n.d., Sequence not
determined. n.a., not applicable.

bClone D9 is a light chain single domain.

°These clones have a different sequence but a similar pattern on a western blot of HelLa cells (see Fig. 3).
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Figure 2. Antibody array screening after one round of phage selection using a mixture of three unpurified recombinant bacterial lysates.The

panels depicted consist of 3,072 double-spotted clones (selected with

0.05% each target antigen concentration) screened for binding to

lysates that contain antigens (A) D (B) M, or (C) T, respectively. D, M, or T-specific antibodies are circled. Several clones seem to be specific but
have not been circled. On longer exposures (data not shown), these were found to bind all three recombinant lysates and an irrelevant bacterial
lysate and therefore probably bind components of the bacterial lysate or correspond to cross-reactive, or “sticky” binders. Thedifference in the
signals produced by these clones is almost certainly due to experimental variation caused by uneven coating of the antigen, poor contact
between the two filters, or air gaps between the filters and the agar plate used for induction.

Q
Q SN
@\/ (L@Ooo

Vv
™

s

s2-" =
31 — .

19 "

177~

Figure 3. Western blot analysis of HelLa cells probed with scFv
clones 2M15, 2G11, 8F20, 14H10, and 20M8 and Con (a non-binding
scFv control). Molecular weight markers (in kilodaltons) are
indicated. Three other clones 16P1, 17L13, and 21L23 (see Table 2)
have different sequences but gave the same banding pattern as
8F20 on the immunoblot (data not shown). The different bands
recognized by each antibody could represent degradation products
of a single protein, alternative splice products, or similar epitopes
present on different proteins.

yeast lysates, thus identifying eight different clones (Table 2) that
gave five distinct banding patterns on HeLa but not on yeast (Fig. 3).
The reason that so few HeLa-specific binders were confirmed is
almost certainly due to limitations of protein-based screens, where
the affinities compared with nucleotide-based screens are much
lower (see Discussion) and vary depending on the interactions being
studied. Thus, although very low concentrations of protein can be
used to select binding antibodies (down to 0.0005%), their efficient
detection requires a much higher concentration (perhaps as high as
5% for some antibody—antigen interactions). As a consequence, it is
likely that antibodies against many targets in the HeLa lysate were in
fact selected (and are therefore present in the array) but that only
those that bind abundant targets were able to be detected.

Discussion

Using robotic picking and gridding together with filter screening of
bacterially expressed scFvs on antigen-coated filters, we have gener-
ated a range of high-density antibody arrays for parallel screening
against many different antigens, including native or denatured pro-
teins, impure antigens, and whole-cell extracts. These arrays have
the advantage that because each clone has a unique position, 18,342
individual colonies can be double spotted on one 22 % 22 cm filter
and, using our current robotic system, up to 15 identical filters can

992

be generated simultaneously. The ability to create double spots and
duplicate arrays not only means that false positives and cross-reac-
tive clones can be eliminated during the initial screen but also
enables antibodies against differentially expressed targets to be easily
identified. The screen could be applied to any source of recombinant
antibodies, for example, antibody genes cloned from immunized
mice!, from patient libraries'®*%, or from “mini” libraries created by
random mutagenesis?!, chain shuffling??, CDR (complementarity
determining region) diversification?, or rounds of phage selection.
By varying the antigen concentration on different filters it should
also be possible to identify binders that have higher affinities and/or
improved expression characteristics.

We found that unlike conventional selection procedures, that
typically require three to four rounds and often yield a limited range
of binders to the target antigen, our approach, using a single round
of selection followed by mass array screening, enabled the isolation
of a wide diversity of binders to BSA, HSA, and several recombinant
human proteins. Most of these bind as soluble fragments in conven-
tional ELISA, and many also give strong signals on western blot
analysis of the cognate protein, demonstrating their utility as
immunochemical reagents. Even when the dilutions of the target
antigens were very low (0.0005%, or 1 in 200,000), we were still able
to select specific binders after a single round of selection, whereas
with several rounds, these clones tended to be outcompeted with
binders to other (more abundant) components of the mixture. In
this regard, it is interesting to note that the degree of enrichment for
binders did not decrease linearly with decreasing target antigen con-
centration. We wondered whether this might be due to the presence
of a high proportion of specific binders in the unselected library.
However, on screening a similar number from the unselected library
no specific antibodies were identified (data not shown), confirming
that some form of selective enrichment must have taken place.
Indeed, the high affinity of the M12 clone (which was selected using
0.005% antigen M in the bacterial lysate) confirms that genuine
selection of a rare species must have occurred.

In addition to high-throughput screening of antibody—antigen
interactions, we envisage that recombinant antibody arrays will have
a wide range of applications in proteomics, ranging from detection
of protein modifications to profiling protein expression, a field that,
to date, has been dominated by two-dimensional (2-D) elec-
trophoresis (see Blackstock and Weir?). Unlike 2-D gels, antibody
arrays can be used to analyze the expression of one or more proteins
in a mixture such as a cell extract, without the need to physically sep-
arate the individual components, analyze the differences in the pat-
terns and then determine the identity of the corresponding proteins.

DNA array technology is already used extensively as an indirect
assay for protein expression by profiling mRNA expression, for
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example, in Saccharomyces cerevisae and to compare healthy versus
diseased human tissues (see Brown and Botstein®®). Because the
affinity of the nucleotide—nucleotide interaction is determined by
the extent of base pairing between the two substrates, low concen-
trations of mRNA can be detected and relative amounts of different
mRNAs can be easily quantified. Nevertheless, there are several lim-
itations with DNA chip technologies, which could be addressed
using antibody arrays. First, mRNA concentrations do not always
correspond to protein concentrations. Different proteins are trans-
lated from their mRNA precursors at different rates and may have
quite different degradation characteristics. Furthermore, proteins
are subject to a range of posttranslational modifications, such as
phosphorylation and glycosylation, which cannot be identified by
nucleotide-based screens. Antibody arrays have the potential to pro-
file both protein expression concentrations and posttranslational
modifications. In addition, antibodies can also be used to detect
smaller molecules, such as peptide hormones®? or carbohy-
drates? 28,

Here, by doping recombinant proteins into bacterial lysates we
have shown that phage—antibody libraries can be used to select
binders to very rare components in a complex antigen but that their
detection requires much higher concentrations of target antigen.
Thus, although we were able to perform a differential screen and iso-
late antibodies against a handful of proteins present in human but
not in yeast cells, for the array to be a truly useful tool for finger-
printing the tens of thousands of different proteins that comprise a
cellular extract, the sensitivity of detection will need to be improved
at least 100-fold, and perhaps a 1,000-fold. Several strategies are now
being explored to achieve this goal including scFv multimeriza-
tion®%%and signal amplification, for example, using biotin tyra-
mine’*2, Alternatively, the screen could be miniaturized enabling
higher concentration cellular extracts to be used.

Experimental protocol

J\s and cell lysates. Purified BSA and HSA were obtained from Sigma (St.
Louis, MO; A-7638 and A-3782, respectively). Three bacterial cDNA clones:
a human chloride ion current inducer (D, RZPD clone name
MPMGp800E04369Q3), one with an unknown function (M, RZPD clone
name MPMGp800B12492Q3), and ubiquitin (T, RZPD clone name
MPMGp800D17184Q3) were taken from a human brain cDNA library hEX1
(ref. 33) and expressed as described*. Crude cell lysates were collected and
used for selection. Expression levels of each clone were tested by SDS-PAGE
followed by western blot analysis and detection of the recombinant protein
using an anti-RGS-His antibody (Qiagen, Valencia, CA; 1/2000 in 2%
skimmed milk powder in phosphate-buffered saline, MPBS) and an anti-
mouse antibody conjugated to HRP (Dako, Carpinteria, CA; 1/2000 in 2%
MPBS). Blots were developed with a chemiluminescent detection reagent
(ECL; AP Biotech, Piscataway, NJ). Recombinant D, M, and T were expressed
at concentrations corresponding to [5%, 5%, and 10% of total bacterial pro-
tein, respectively. Recombinant ubiquitin (from clone T) was purified
through the hexahistidine tag using immobilized metal chelate affinity chro-
matography (IMAC) (ref. 35) as described*. HeLa whole-cell extract was
prepared as described®. Yeast cell lysate was prepared by enzymatic lysis as
described?.

Phage—antibody selections. The phage—antibody library is based on a
single human framework comprising the germline heavy-chain genes V3-
23/DP-47 and Ju4b and the K-light chain genes O12/02/DPK9 and J1 with
side chain diversity (either DVT or NNK encoded) incorporated at posi-
tions in the antigen-binding site that make contacts to antigen in known
cocrystal structures and are highly diverse in the mature repertoire (18 dif-
ferent amino acid positions in total). This fold is highly expressed in vivo®
and binds the generic ligands, protein L and protein A, which facilitate the
capture and/or detection of the antibody fragments without interfering
with antigen binding. The libraries have been preselected in phagemid/scFv
format for binding to protein A and protein L so that most clones are func-
tional. After preselection, the respective library sizes are 1.47 x 108 (DVT
encoded-Library I) and 1.37 x 10°® (NNK encoded-Library J) (I.M.
Tomlinson and G. Winter, in preparation). The two libraries were mixed to
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form a single library and selected as described?, except that KM13 helper
phage (which contains a plIII protein with a protease cleavage site between
the D2 and D3 domains) was used and phage were eluted with 1 mg/ml
trypsin in PBS. The addition of trypsin cleaves the pIII proteins derived
from the helper phage (but not those from the phagemid) and elutes bound
scFv—phage fusions by cleavage in the c-myc tag, thereby providing a fur-
ther enrichment for phages expressing functional scFvs and a correspond-
ing reduction in background®.

Selections were performed using immunotubes (Maxisorp; Nunc,
Roskilde, Denmark) coated with either BSA (100 pg/ml PBS), purified
recombinant ubiquitin (100 pg/ml), or three dilutions thereof in a bacteri-
al lysate (20 pg/ml, 2 pg/ml, or 0.2 pg/ml of ubiquitin in 100 pg/ml of
lysate, that is, 20%, 2%, or 0.2% target antigen:total protein); an approxi-
mately equimolar mixture of the three recombinant lysates D, M, and T
([2.5 pg/ml of each recombinant protein in 1.3 mg/ml total protein, that s,
0.2% each target antigen:total protein), or three dilutions thereof in an
irrelevant bacterial lysate ([250, 25, and 2.5 ng/ml of each recombinant
protein in 500 pg/ml total protein, that is, 0.05%, 0.005%, or 0.0005% each
target antigen:total protein); or a lysate from HeLa cells (200 pg/ml, equiv-
alent to 1107 cells).

Picking and gridding. Selected clones were plated onto a large square plate
(230 x 230 mm, Nunc plates containing TYE , 100 pg/ml ampicillin, 1% glu-
cose) at a density of about 10* colonies/plate, and grown overnight at 30°C.
Colonies were picked (BioRobotics colony picker, Cambridge, UK) into 384-
well plates (Genetix, Christchurch, UK, containing TYE, 100 pg/ml ampi-
cillin, 1% glucose, 8% glycerol, 75 pl/well) and then grown without shaking
overnight at 37°C. These were then gridded (Genetix, Q-bot) in a 4 x 4 pat-
tern (such that each clone is gridded twice in each 4 x 4 grouping, see Fig.
1A) onto a large square plate (Genetix Q-tray, containing TYE, 100 pg/ml
ampicillin, 1% glucose) covered with a nitrocellulose filter (Protran BA85 -
Schleicher & Schuell, Keene, NH) that had been blocked in 2% MPBS for 30
min at room temperature (RT), briefly washed in PBS, and soaked in 2x TY .
This procedure prevents binding of recombinant antibodies to this filter. The
gridded plates were then grown overnight at 37°C. In the meantime, a second
filter was coated overnight at 4°C in 100 ml of PBS with either 0.5 pg/ml of
the generic ligand protein L (Affitech, Oslo, Norway), 100 pg/ml of BSA,
HSA, purified recombinant ubiquitin, or recombinant bacterial lysates D, M,
or T (total protein concentration 100 pg/ml with [b, 5, and 10% recombi-
nant D, M, and T, respectively) or HeLa, yeast, or bacterial cell lysates. This
second filter was then blocked in 2% MPBS for 1 h at RT, washed 3% in PBS,
soaked in 2x TY, and then transferred onto a large square plate (230 % 230
mm, Nunc plates containing TYE, 100 pg/ml ampicillin, 1 mM isopropyl -
D-thiogalactoside (IPTG)). The first filter containing the grown colonies was
then transferred onto the plate covered with the second filter making sure no
air was trapped between the two filters. These plates were incubated for 3 h at
30°C to induce expression of scFvs and to facilitate their binding to the sec-
ond filter.

Probing of filters. The top filter was discarded and the bottom filter
washed two times with PBS/0.05% Tween (PBST) and then blocked with 2%
MPBS for 30 min at RT, followed by two washes with PBST. To detect bound
scFvs, the filter was incubated with protein L-HRP (Affitech, 1/4000) in 2%
MPBS for 1 h at RT, washed three times with PBST, and then developed with
ECL reagent. To determine the levels of scFv expression, a filter coated with
protein L was used to capture scFvs and was then probed with protein
A—HRP conjugate (Amersham), 1/4,000 in 2% MPBS for 1 h. The filters were
then washed three times with PBST and developed with ECL reagent. All
incubations were performed in 50 ml of buffer on a gently agitating shaker.

ELISA, immunoblotting, and sequencing. Conventional ELISAs were per-
formed as described?, except that 96-well ELISA plates were coated overnight
at 4°C using 10 pg/ml purified antigens or 100 pg/ml (total protein concen-
tration) unpurified recombinant bacterial lysates. Two percent Tween/PBS
was used as a blocking buffer and bound scFvs were detected with protein
L-HRP. Western blot analyses of HeLa or yeast cell extracts were performed
as described?, except that scFvs were detected with protein L-HRP, and blots
were developed using ECL reagent. PCR amplification and sequencing of
scFv clones was performed as described® using the primers LMB3 (CAG
GAA ACA GCT ATG AC) and pHEN seq (CTA TGC GGC CCC ATT CA).

Purification of scFvs and determination of affinity constants. scFv frag-
ments were purified from the supernatant of 50ml inductions using protein
A-Sepharose (Pharmacia, Uppsala, Sweden) columns as described?.
Affinities were determined by solution phase competition’ on a BIAcore
2000 biosensor according to Nieba and colleagues*’.
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