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Only a small fraction of the antibodies in a traditional polyclonal antibody mixture recognize the target of interest,
frequently resulting in undesirable polyreactivity. Here, we show that high-quality recombinant polyclonals, in which
hundreds of different antibodies are all directed toward a target of interest, can be easily generated in vitro by
combining phage and yeast display. We show that, unlike traditional polyclonals, which are limited resources,
recombinant polyclonal antibodies can be amplified over one hundred million-fold without losing representation or
functionality. Our protocol was tested on 9 different targets to demonstrate how the strategy allows the selective
amplification of antibodies directed toward desirable target specific epitopes, such as those found in one protein but
not a closely related one, and the elimination of antibodies recognizing common epitopes, without significant loss of
diversity. These recombinant renewable polyclonal antibodies are usable in different assays, and can be generated in
high throughput. This approach could potentially be used to develop highly specific recombinant renewable antibodies
against all human gene products.

Introduction

Traditional polyclonal antibody preparations, generated by
the immunization of rabbits, contain barely 0.5–5% of antibod-
ies that will recognize the target.1 This partly explains the variable
quality2-5 of most commercial polyclonal antibodies, only 20–
50% of which actually recognize their targets specifically.6-8

Although it may be possible to overcome this problem with affin-
ity purification,1,9 after which a majority of antibodies should
recognize the target of interest, the finite and non-renewable
nature of polyclonal antibodies limits the amount of specific anti-
body that can be isolated. Furthermore, as demand increases for
highly specific antibodies that are able, for instance, to discrimi-
nate between closely related proteins, the potential amount of
available antibody becomes substantially less. This represents a
barrier to the provision of high-quality, specific antibodies for
studies of the »20,000 protein coding genes identified in the
human genome project,10 relatively few of which have known
functions.11

The Antibodypedia database12 describes >1,000,000 antibod-
ies, some with associated experimental data, purportedly recog-
nizing over 90% of all human gene products. While this
facilitates the choice of suitable antibodies, it does not overcome
the quality problems described above. Furthermore, the choice is
often confusing: a majority of commercial antibodies is directed
to a small number of popular targets,2 (e.g., ERBB2 has >1200 )
and the same original antibodies are frequently sold by different
providers under different labels,12,13 rendering the number of
truly unique antibodies significantly lower. This situation reflects
the “catch-22” of commercial antibodies: while those against
popular targets sell well, those against unknown ones do not,
even though the best way for an unknown target to become pop-
ular is for new tools, such as antibodies, to become broadly acces-
sible.14 Research, consequently, tends to be focused in those
areas where antibodies are available. These problems prompted
the establishment of the Human Protein Atlas (HPA),15 a pro-
gram to identify and generate high-quality antibodies against
every human gene product. Antibodies produced by the HPA are
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affinity purified, polyclonal antibodies generated by the immuni-
zation of rabbits with protein epitope signature tags (PrESTs),
which are protein fragments identified informatically as being
unique in the proteome. However, antibodies produced in this
way, although functional, are not renewable, and once a batch
has run out, it needs to be replaced via immunization of more
rabbits.

In contrast, in vitro display methods (e.g., phage/yeast dis-
play) yield recombinant antibodies that are usually deconvoluted
to single clones for further testing. An advantage of producing
antibodies recombinantly rather than by immunization is that
the selection conditions can be modified to generate antibodies
against specific target forms. These include antibodies recogniz-
ing one protein, but not a closely related one,16 spliced

variants,17,18 specific epitopes,19 or
active conformations.20-22 Furthermore,
affinities or specificities can be
improved by in vitro evolution,23,24

and selected antibodies can be fused to
additional functional elements, such as
enzymes or antibody constant regions.
Here, we describe the use of display
methods to generate recombinant
renewable polyclonal antibodies, as a
valid alternative to the non-renewable
polyclonal antibody products presently
on the market.

Results

We have previously shown that com-
bining phage and yeast display can sig-
nificantly increase the number of
specific monoclonal antibodies selected
against targets from na€ıve phage anti-
body libraries, with essentially all anti-
bodies recognizing the target after 2
rounds of phage selection and 2 rounds
of yeast sorting.25 Based on this obser-
vation, we opined that the antibody
mixtures obtained after such selections
could be effective as recombinant
renewable polyclonal antibodies
(rrpAbs). We tested this hypothesis
using the scheme outlined in Fig. 1, car-
rying out one or 2 rounds of phage
selection against ubiquitin, and cloning
the output into a yeast display vector.
As the goal was to keep “polyclonality”
as high as possible to generate and select
an antibody population with broad
diversity, the target (ubiquitin) concen-
tration used was 400 nM for phage
selection and 200 nM for yeast sorting.
Both the first and the second phage dis-

play outputs were used for the subcloning of antibodies into the
yeast display system (Fig. 2A). The first round input gave only
0.05% of yeast-displayed antibodies that recognized ubiquitin,
with a background of 0.02%, which confirmed previous esti-
mates of positive clone abundance after a single phage selection
round.26 After the second round of phage selection, 1.3% of
clones bound the target, with a background of 0.05%.

Given these results, 2 rounds of phage selection were chosen as
the yeast display input to facilitate sorting. After one round of
yeast sorting (termed 2C1, for 2 rounds of phage selection and
one round of yeast sorting), the percentage of positive clones
increased to 48.5%. This rose to 62.9% after an additional sort-
ing round (2C2). No further improvement was seen with addi-
tional sorting rounds. In both cases, 10,000 positive yeast cells

Figure 1. Selection scheme. After antibody selection by phage display, the selection outputs are trans-
ferred to a yeast display vector where additional fluorescence activated cell sorting is carried out. Anti-
bodies are then recloned for secretion and tested for specificity.
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were sorted. Both of these sorting outputs were subcloned into a
yeast secretion vector, in which the scFv was fused to a rabbit Fc
domain, and assessed for antigen recognition and specificity. As
shown in Fig. 2B, they were very similar in their reactivity, with
2C2 rounds showing slightly higher and more specific signals.

We assessed the diversity of the 2 populations by Ion Torrent
sequencing, using the AbMining Toolbox27 software package,
and found 98 (1 sort) and 67 (2 sorts) unique HCDR3 clusters
with a Hamming distance of 1 (i.e., bins in which the individual
members differ by no more than a single amino acid from the
commonest HCDR3 in that bin). 58 HCDR3 clusters were com-
mon to both rounds (Table 1), and a total of 107 different
HCDR3s were identified. The affinities of 25 randomly selected
different clones (Table 2), which comprised the 10 most abun-
dant and 15 additional HCDR3s, were determined for clones
isolated from both sorting rounds. All but 2 clones (gray circles
in Fig. 2C) were found in both populations, albeit at different
rankings and abundances. Antibody affinities ranged from 51.5–
565 nM, spanning the antigen concentrations used for phage
selection (400 nM) and yeast sorting (200 nM), and the mean
affinity of all measured antibodies was 188 nM, which was very
close to the concentration of antigen used for sorting. Impor-
tantly, all isolated antibody clones that we tested, including one
present at an abundance of only 0.04% and ranked 70th (in the

2C1 selection), recognized ubiquitin (affinity 224.5 nM). None
of the tested antibodies showed non-specific binding to an irrele-
vant negative control, indicating that essentially all selected anti-
bodies recognize the target of interest. Interestingly, there was no
significant correlation between abundance ranking and affinity
(2-sided Kendall’s tau; p D 0.08 for the 2C1 selection and p D
0.1 for the 2C2 selection).

The antibody with the highest measured affinity (51.5 nM)
was found after a single sort where it was the 68th most abundant
clone. Along with the sorting data, this shows that the polyclonal
pool, as well as the monoclonals comprising it, binds ubiquitin
specifically. The diversity of the polyclonal population is repre-
sented in Fig. 2D, showing all the unique HCDR3s present in
the 2C2 selection output in a phylogram rooted on the most
abundant clone. The sequence of the top HCDR3 (HCDR3.1 in
the figure) is distant from the sequence of the other most abun-
dant clones (HCDR3.2-HCDR3.10.2, shown in blue), demon-
strating the diversity of the polyclonal population.

Polyclonal antibodies can be easily obtained by immunization.
However, because such antibody mixtures are not renewable,
valuable specificities can be easily lost, making scientific repro-
ducibility difficult. To assess the renewability of these yeast-
expressed polyclonals, we amplified the secretory yeast pool by
growing to saturation after 100-fold dilutions 4 times, for a total

Figure 2. Characterizing the system and establishing optimal selection conditions. (a) Flow cytometry plot, in which each dot represents an individual
yeast clone displaying antibodies. The number of positive antibody clones is represented by those found in the top-right quadrant that both express
scFv and bind target. Only after 2 rounds of phage selection are there enough positive clones to sort effectively. The binding population increases signif-
icantly after one or 2 rounds of fluorescence activated cell sorting. (b) ELISA testing of normalized amounts of soluble polyclonal antibodies obtained
after one or 2 rounds of sorting. Two monoclonal scFvs in the minibody format (anti-lysozyme and anti-ubiquitin) were used as controls. (c) Plot of anti-
body affinity versus abundance ranking position for the antibodies described in Table 2 after one (gray dots) or 2 (black dots) sorts. With the exception
of the 2 clones indicated by gray circles, antibodies were common to both selections (dashed connectors). (d) Phylogram of anti-ubiquitin HCDR3 identi-
fied in 2C2 through deep sequencing. Ranking position (HCDR3.x) and abundance within the polyclonal population (%) are shown. The 10 most abun-
dant HCDR3 clones are shown in blue. The x-axis shows evolutionary distance as substitutions per site; scale bar depicts 3 amino acid changes.
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108-fold amplification. After each growth, antibodies were har-
vested, tested for functionality, and their genes sequenced by Ion
Torrent. The top 20 ranked HCDR3s (Fig. 3A) maintain their
approximate percentage abundance during the cloning process
from display to secretion, as well as over the full one hundred
million-fold amplification, with 90% show a less than 2-fold var-
iation after 108 amplification (shaded box in Fig. 3A). Of the
remaining 2 antibodies, the worst was reduced by only 13-fold,
representing a maximal growth disadvantage of »9% for each
division. Furthermore, functionality is maintained through the
amplification cycles (Fig. 3B–C), demonstrating that for all prac-
tical purposes, this recombinant polyclonal antibody can be
repeatedly amplified without losing representation or functional-
ity. Furthermore, it is also important to note that when the anti-
bodies were cloned from the display vector to the yeast secretion
vector, the HCDR3 diversity was also maintained.

We next selected antibodies against 8 additional human tar-
gets (proteins produced by the Structural Genomics Consortium
– Table S1), using 2 rounds of phage and 2 rounds of yeast sort-
ing (with 100 nM antigen). Outputs were recloned for secretion

in the scFv-Fc format.28 Binding specificity was first tested by
yeast display (Fig. 4A), with all antibodies tested against all tar-
gets. All polyclonals appeared to bind their targets specifically,
with the exceptions of the antibodies selected against CTBP1
and CTBP2 (proteins that are 78% homologous), which showed
some cross-reactivity. These 2 polyclonals were rendered highly
specific for their target proteins by carrying out 2 rounds of nega-
tive sorting, in which yeast displaying antibodies that did not rec-
ognize the cross-reacting proteins were isolated, followed by an
additional round of positive sorting, for yeast displaying antibod-
ies that did recognize the target protein (Fig. 4B). Testing of the
6 original polyclonals and the improved CTBP polyclonals
against all other targets by ELISA showed excellent specificity,
with good signal-to-noise ratios (Fig. 4C).

In addition to ELISA, functionality of the polyclonals was
assessed by Western blotting and protein arrays. This was consid-
erably facilitated by the use of the rabbit Fc domain in the scFv-
Fc fusions, which allowed the use of standard secondary reagents.
Initial testing of the selected polyclonals by Western blot
(Fig. 4D) showed that 7 of 8 polyclonals were functional. The
polyclonal against CDK2 was further assessed for binding on a
HEK293 cell lysate, and shown to recognize a specific band of
the correct size (Fig. 5A), with no background. The same anti-
CDK2 rrpAb was tested in a protein microarray against 71 differ-
ent proteins and was found to be highly specific, more so than a
corresponding commercial polyclonal (sc-163) (Fig. 5B).

The diversity of these polyclonals was also assessed by deep
sequencing. Table 3 shows the analysis of the polyclonals at the
highest stringency parameters. The number of unique HCDR3s
range from 74 to 460 for the 6 polyclonals we analyzed. In the
case of CTBP2, subtraction of those antibodies also recognizing
CTBP1 reduced the diversity somewhat, from 140 to 96 clusters,
making the rrpAb overall less diverse, but more specific.

Discussion

With the human genome project complete, there is an unmet
need for high quality antibodies recognizing the products of the
»20,000 identified genes. This requires the ability not to only
generate high quality effective antibodies in high throughput and
high volumes, but also to ensure minimal batch-to-batch varia-
tion. As described in a number of recent publications,2-5 most
commercial antibodies do not fulfill these ideals. Furthermore,
commercial antibodies tend to be highly focused on “popular”
targets, with over 1000 against p53,7 for example.

One critical issue is antibody format. Monoclonal antibodies
are renewable, but they are expensive to generate and functionally
unpredictable. Some are suitable for Western blots, while others

Table 1. Deep sequencing characterization of selected anti-ubiquitin scFvs shows the number of unique HCDR3 binned at a Hamming distance of 1 is 98
after one, and 67, after 2 rounds of sorting, with 58 common to both

Sort output Total # sequences # unique HCDR3 (Hamming D 1) # common HCDR3

2C1 13216 107 98 58
2C2 12778 67

Table 2. Random clones from the selection output tested for binding affin-
ity. The different HCDR3s were identified through Sanger sequencing of the
full length scFv. The ranking refers to the position of the specific HCDR3 in
the deep sequencing characterization of the polyclonal output after one or
2 sorts

HCDR3 Rank 2C1 Rank 2C2 Kd (nM)

CAKGIAAVDYW 1 1 192.5
CASLRSAYYYDSSGRDAFDIW 4 2 114.5
CAKVRGGDW 3 3 193.6
CARGGQLSSGYYFDAFDIW 6 4 183.9
CARYYYDSSGYYADAFDIW 2 5 85.7
CAKGVSGMDVW 7 6 97.1
CTNKGGAFDIW 15 7 148.4
CAKGLGYGMDVW 9 8 259.6
CAKPGNGAFDIW 14 10 337.4
CARAYSSSWYPFDYW 12 10 145.6
CAKGIARFDYW 13 11 139.5
CARDVGEVPFDLW 5 14 117.7
CARGPGGVGATVLDYW 34 17 244.6
CAKGGFGAFDIW 18 18 191.0
CARDGVPETYSCSGGSCWTDAFDIW 17 23 89.5
CARGVTTPDYW 25 25 199.0
CARGGGIAARW 39 28 174.0
CAHMYYYDSSGYYYFDYW 8 32 122.0
CARDIGSSPTPFWDYW 36 41 158.7
CARRASAFDIW 33 55 326.9
CAKGGGGFDYW 47 55 244.9
CARGRMDVW 47 55 196.9
CARNANYYGYW 29 67 565.1
CAKGAGSLDYW 70 NA 224.5
CVKTIMGAFDIW 68 NA 51.5
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are useful only in ELISAs, immunohistochemistry, immunopre-
cipitation or immunofluorescence. In contrast, polyclonal anti-
bodies generated against proteins have an intrinsic advantage as
they recognize multiple epitopes, and they thus have the potential
to function in many assays. Disadvantages include their tendency
to non-specific binding, and the lack of renewability and repro-
ducibility, as represented in lot-to-lot variation.29 Valuable spe-
cificities often die with the animal that produced them. The
Human Protein Atlas has overcome some of these problems by
affinity-purifying polyclonals developed in rabbits on the immu-
nizing antigen. While this reduces non-specific binding, it does
not overcome the problem of renewability, or the need for
immunization.

An ideal research antibody would be highly specific for its tar-
get, with neither cross-reactivity nor non-specific binding, usable
in all assays, infinitely renewable and definable by sequence. Fur-
thermore, should any properties be less than ideal, e.g., unin-
tended cross-reactivity, it would be possible to improve the
antibody relatively easily, either by removing undesirable specific-
ities, or adding desirable ones. Finally, the generation of such
research antibodies would be relatively straightforward and possi-
ble on the scale needed for proteomic research.

We believe that the development of renewable recombinant
polyclonal antibodies (rrpAbs) described here fulfills most of

these criteria. High specificity is a result of the fact that essentially
all antibodies recognize the target. This mirrors findings that
affinity-purified polyclonal antibodies, in which the vast majority
of antibodies recognize the target of interest, give far less back-
ground than traditional unfractionated polyclonals. By virtue of
their polyclonal nature, these antibodies function in ELISA,
Western blotting and protein arrays.

The ability to completely inhibit the Gal1 promoter, and
hence the potentially toxic effects of antibody expression during
yeast display and secretion, normalizes cell growth and likely
allows the enormous amplification demonstrated here. While
this was previously shown for a single antibody artificially spiked
at 5% into a library,30 we now show that it is also true for a col-
lection of antibodies all directed toward a single target. The avail-
ability of the recombinant polyclonal pool within the context of
a yeast display vector makes it very straightforward, as demon-
strated with the CTBP1/2 example, to modify the polyclonal
properties to eliminate antibodies likely to recognize common
epitopes (Fig. S1) and amplify those recognizing unique epitopes
(green areas). However, unlike natural polyclonal preparations,
in which, at best, each positive or negative selection does no
more than purify the antibodies of interest present in the mix-
ture, the ability to amplify recombinant antibodies allows the
subset of improved antibodies to be readily produced in far
greater quantities. Notwithstanding their potential for amplifica-
tion, these antibodies cannot be easily defined at the sequence
level. This is due to their high diversity, subtle changes in abun-
dance and present limits to next-generation sequencing. How-
ever, they do provide an extremely rich source of specific
monoclonal antibodies that can be easily isolated after deep
sequencing using inverse PCR.31 Using appropriate selection
strategies ensures that all antibodies isolated using this inverse
PCR approach have the properties desired, including the com-
plete antibody gene sequence.

The combination of phage and yeast display described here
harnesses the advantages of both platforms. Our initial phage
antibody library32 has an estimated diversity of �3 £ 1011. By
carrying out 2 rounds of phage display, we capture the antibodies
showing some reactivity for the target. This reduces the diversity
to 105–106, which is compatible with yeast display cloning, and
allows further precise sorting to restrict reactivity to those clones
recognizing the target of interest. The diversity of the polyclonals
after selection was assessed by deep sequencing, with analysis
restricted to the HCDR3 because of read length limitations. The
number of different HCDR3s selected against the test antigens
ranges from 74 to 460 (Table 3), with the actual number of dif-
ferent antibodies likely to be significantly higher when different
VL chains and additional VH mutations are taken into account.

In the single antigen (ubiquitin) in which we assessed the
binding abilities of individual monoclonals, all antibodies tested
recognized ubiquitin, even down to the least abundant tested
antibody, which was present at only 0.04%. This suggests that
the vast majority are specific for the target. This depth of diversity
allows the removal of cross-reactive clones without significantly
affecting the number of different clones: even when antibodies
cross-reactive with CTBP1 (or CTBP2) are eliminated, over 90

Figure 3. Polyclonal amplification and renewability. (a) Percentage clone
abundance of the commonest 20 clones assessed by deep sequencing,
after cloning from display to secretion vector and after 4 one hundred-
fold amplifications (b–c): Maintenance of antibody functionality after
each one hundred-fold amplification in ELISA (b) and Western blotting
(c).
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HCDR3 clusters remain. This great diversity may reflect the rela-
tively high target concentrations we used for selection and sort-
ing, which are expected to eliminate binding discrimination
between, and so equalize binding of, low and high affinity anti-
bodies. This may also explain the unexpected finding that there
was no correlation between antibody affinity and abundance
rank (Fig. 2C). Although we used high target concentrations to
increase antibody variety, the unexpectedly high diversity
obtained indicates that we could probably improve mean anti-
body affinity without compromising functional polyclonality, by
reducing target concentrations during selection. In preliminary
experiments (data not shown), we find a much closer correlation
between antibody affinity and rank abundance when target con-
centrations are significantly reduced. Within the context of future
genome scale projects, this will facilitate the ready isolation of
high quality sequence defined monoclonals from these polyclonal
pools without the need for extensive screening.

Conceptually, our approach is superficially similar to recom-
binant polyclonal antibodies,33 created by the cloning of Fabs
from selected immune phage libraries into mammalian expression

vectors.34 However, by using na€ıve phage antibody libraries and
yeast display, we are able to avoid the need for immunization and
the creation of individual target specific phage display libraries,
allowing the development of this approach at the proteomic scale.
In conclusion, the approach described here should make the
selection of highly specific antibodies against all proteins encoded
by the human genome a tractable problem.

Material and Methods

Antigens
The 8 antigen domains of interest (Table S1) were subcloned

into the expression vector p28BIOHTEV-LIC containing a TEV
cleavable N-terminal Avi tag for in vivo biotinylation and a C-
terminal hexahistidine tag for affinity purification. The proteins
were produced in E. coli BL21 (DE3) cultivated overnight at
18�C in a LEX system (Harbinger Biotech, Markham, Ontario)
and in vivo biotinylated by co-expression of BirA ligase and sup-
plementation of 50 mg/L D-Biotin in the culture medium. The

Figure 4. Polyclonal antibody functionality. (a) All yeast displayed polyclonal antibodies are specific when tested against all other antigens, as repre-
sented by the dot plots on the diagonal, all of which are highly positive (blue dots), with the exception of antibodies against CTBP1 and CTBP2 which
show some cross-reactivity. (b) Although CTBP1 and CTBP2 are 78% homologous, specific polyclonals recognizing each can be selected by carrying out
negative selections. The desired and unwanted specificities are highlighted in the yellow and red quadrants, respectively. (c–d) After subcloning for
secretion, all polyclonals are highly specific for their target antigens in ELISA (c) and Western (d). In the Western blot assay, each rrpAb was tested on its
specific antigen (left lane) and on the mix of all the other 7 test antigens (controls lane).
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proteins were then purified using a 2-step purification protocol
on an €AKTA Xpress (GE Healthcare), including an immobilized
metal chromatography step (5 mL HiTrap Ni-chelating column,
GE Healthcare) followed by Gel Filtration (Hiload XK16/60
Superdex 200 column, GE Healthcare) and eluted in 20 mM
HEPES, 300 mM NaCl, 5% glycerol, 0.5 mM TCEP, 0.5 mM
EDTA, pH 7.5. Relevant fractions corresponding to mono-dis-
perse peaks were pooled and analyzed by SDS-PAGE and mass
spectroscopy to verify protein identity and degree of
biotinylation.

Phage-display selection
Selection of scFv antibody fragments by phage display from

our na€ıve library32 was performed as previously described25.
Briefly, selections were carried out in parallel in solution35 using
the automated Kingfisher magnetic bead system (Thermo Lab
Systems): 100–400 nM of biotinylated antigen were used in each

selection cycle. The biotinylated antigens were incubated with
the naive library and the bound phages were captured using 2 £
107 streptavidin magnetic beads (Dynabeads M-280).

Yeast display and sorting of scFvs
After one or 2 rounds of phage selection, the selected scFv

antibodies were subcloned into the yeast display vector as previ-
ously described.25 The selected scFv genes were amplified with
specific primers that introduced an overlap with the yeast display
vector pDNL6. The vector and the fragments were cotrans-
formed into yeast cells so to allow cloning by gap repair.36

The yeast mini-libraries so obtained were further enriched for
binders by one or 2 rounds of sorting using flow cytometry
according to published methods.36 After induction, 2 £ 106

yeast cells were stained with 100–200 nM of biotinylated anti-
gen. Cells were labeled with streptavidin-AlexaFluor633 to detect
binding of biotinylated target antigens and anti-SV5-PE to assess

Figure 5. Anti-CDK2 polyclonal validation. (a) rrpAb WB on cell lysates. The anti-CDK2 rrpAbs is functional in WB recognizing the target CDK2 as purified
recombinant protein (lane CDK2) or on HEK293 lysate, recognizing both bands of the correct size (difference in size between the 2 recognized proteins
is attributed to the expression tags in the recombinant format). (b) Comparison of the commercial anti-CDK2 polyclonal antibody (sc-163) with the anti-
CDK2 rrpAb in an array assay. The polyclonal antibodies are challenged against 79 different proteins (detected with streptavidin- top panel). Binding
specificity of the commercial (central panel) and of the rrpAb (lower panel) anti-CDK2 is reported in the bottom chart. White squares indicate the IgG cal-
ibrator used for normalization. Yellow and red squares indicate the specific and non-specific antigen binding, respectively.
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scFv display levels. For the second sort, neutravidin-Alexa-
Fluor633 was used to replace conjugated streptavidin and elimi-
nate the chance to sort for streptavidin binders. Yeast clones
showing both antigen binding (AlexaFluor633 positives) and dis-
play (PE positives) were sorted. The collected cells were grown at
30�C for 2 d and induced for the next round of sorting at 20�C
for 16 h.

All the described flow cytometry experiments were performed
using the FACSAria (Becton Dickinson).

After the second sort, single clones were screened for specific-
ity using the specific target and the remaining unrelated antigens
and conjugated streptavidin as negative controls. Affinity meas-
urements were carried out according to published methods.30 All
experiments with single clones were performed in a 96-well for-
mat using the LSRII (Becton Dickinson) flow cytometer.

Production of polyclonal antibodies (yeast)
After one and 2 rounds of yeast sorting, the antibody outputs

were subcloned into the yeast expression vector pDNL9-RMR
(Rabbit Minibody for Recombination) to allow the expression
and secretion of scFvs as rabbit Fc fusions37 into the culture
supernatant. pDNL6 and pDNL9-RMR were designed to have
compatible ends to promote in vivo homologous recombination
of the PCR amplified yeast display library into the yeast expres-
sion vector. YVH10 yeast cells (kindly provided by Prof. Dane
Wittrup, Massachusetts Institute of Technology) were used for
expression of polyclonals. Yeast antibody expression was per-
formed following secretion protocols depicted in Wentz and
Shusta,38 using SGT as induction media. Culture supernatants
were used directly as a reagent in Western blot.

ELISA screening of antibodies
ELISA was performed by coating 96-well ELISA plates

(Nunc) with 10 ug/ml neutravidin diluted in 1x phosphate-buff-
ered saline (PBS), and incubating the plate overnight at 4�C.
Wells were blocked with 2% MPBS (1x PBS, 2% skim milk (w/

v)) and incubated with 10 ug/ml of biotinylated proteins. After a
rinse step, yeast supernatants diluted 1:5 in 1xPBS were added to
the wells, followed by HRP-conjugated goat anti-rabbit antibody
(Santa Cruz). Immunocomplexes were revealed by adding TMB
(Thermo) and reading the plate at 450 nm. The ELISA results
were normalized after quantifying the rrpAb present in the super-
natant by directly coating the yeast supernatant on a plate and
detecting it with HRP-conjugated goat anti-rabbit antibody.

Immunoblotting on purified antigens and cell extracts
Biotinylated proteins were separated by SDS–PAGE (Invitro-

gen) and transferred to nitrocellulose membranes (GE Health-
care). The membranes were blocked with 2% MPBS for 1 h at
room temperature, then incubated 1h with yeast supernatants,
diluted 1:1 in 2% MPBS. After extensive washes, the membranes
were incubated with AP-conjugated goat anti-rabbit antibody
(Santa Cruz), and the immune-complexes revealed by the chro-
mogenic substrate NBT/BCIP (Thermo).

HEK293 cell lysates were also used to test the polyclonal anti-
bodies. Thirty ug were used as source of antigens in the immuno-
blot assay. The detection of immune complexes (specific antigen
and the binding activity of the expressed rrpAbs) was obtained
with HRP-conjugated goat anti-rabbit antibody (Santa Cruz)
and chemiluminescence substrates (Pierce).

Deep sequencing: Sample preparation and data analysis
Sample preparation and sequence analysis were performed as

described.27 Briefly, plasmid DNA was recovered from the sorted
selection outputs and amplified by a primer set designed for Ion
Torrent sequencing. The amplicons were sequenced on an Ion
316 chip. The sequencing results were analyzed by the AbMining
toolbox software package using the default settings for quality fil-
tering. The identified HCDR3s were clustered at Hamming dis-
tance 1 and analyzed further in MS Excel.

The protein phylogeny was built by PhyML [v3.0_360–
500M39,40] from the ClustalW alignment of HCDR3 and

Table 3. Deep sequencing characterization of selected scFv against 6 different targets. Total number of Ion Torrent sequences, number of unique HCDR3
and percentage of the top 1 and the top 10 most abundant clones in each selection output are reported. Symbols indicate identity of HCDR3 clones in the
different selection outputs. The characterization of the anti-CTBP2 rrpAb is shown, before and after negative sorting with the highly homologous CTBP1
protein

Yeast output Tot. # sequences # unique HCDR3 Top1 (%) Top10 (%)

CDK2 2C1 40169 373 17.8$ 57.7
2C2 32126 132 16.2$ 76.7

CTBP2 2C1 35372 234 21.5* 79.4
2C2 39519 140 25.2* 85.8
1st negative 23652 284 42.7C 72.2
2nd negative 15532 204 57.7C 82.5
2C3 29654 96 70.5C 96.1

MAP2K5 2C1 38454 460 6.9# 26.8
2C2 24491 224 18.2# 67.7

PLAA 2C1 71343 139 38.3� 87.2
2C2 40646 74 50.0� 95.8

SF3A1 2C1 16224 127 29.7�� 81.5
2C2 4553 136 51.3�� 85.6

USP11 2C1 161329 397 11.4 46.3
2C2 38191 211 5.7 45.2
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rendered with the rainbowtree tool (http://www.hiv.lanl.gov/
content/sequence/RAINBOWTREE/rainbowtree.html). For the
inferred phylogeny to reflect length variation, gapped sites were
treated as an additional character state, rather than as missing
information.

Protein arrays
A total of 79 different proteins, including negative and posi-

tive controls, were printed on FAST slide (Whatman), at 15�C
and 50% humidity using the Calligrapher arrayer (BioRad).
Slides were first dried overnight and then saturated with blocking
solution (4% nonfat dry milk in PBS 0.1% Tween20 (PBST) for
1 h at RT. The proper spotting of antigens on the substrate was
assessed by PE-conjugated streptavidin (Life Technologies, 1:400
dilution). PrG purified anti-CDK2 rrpAb and commercial sc-
163 (Santa Cruz) were used at 1 mg/mL. Incubations were per-
formed in binding buffer (2% nonfat dry milk in PBST) for 1h
at RT. Slides were washed 3 times for 10 min with PBST. Sec-
ondary antibody, Cy5 conjugated anti-rabbit IgG (Listarfish),
was used at 1:200 dilution for 1 h at RT in binding buffer. Final
washing was performed as previously described. Slides were dried
and scanned with a ScanArray Gx (Perkin Elmer). The inter-slide

step normalization was performed with a rabbit IgG calibrator
(inter-slide calibration).
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