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Abstract
Peptides are importantaffinity ligands for microscopy, biosensing, and targeted delivery.

However, because they can have low affinity for their targets, their selection from large

naïve libraries can be challenging.When selecting peptidic ligands from display libraries, it

is important to: 1) ensure efficient display; 2) maximize the ability to select high affinity

ligands; and 3) minimize the effect of the display context on binding. The “helper cell” pack-

aging system has been described as a tool to produce filamentous phage particlesbased

on phagemid constructswith varying display levels, while remaining free of helper phage

contamination.Here we report on the first use of this system for peptide display, including

the systematic characterization and optimization of helper cells, their inefficient use in anti-

body display and their use in creating and selecting from a set of phage display peptide

libraries. Our librarieswere analyzed with unprecedented precision by standard or deep

sequencing, and shown to be superior in quality than commercial gold standards. Using our

helper cell libraries, we have obtained ligands recognizing Yersinia pestis surface antigen
F1V and L-glutamine-binding periplasmic protein QBP. In the latter case, unlike any of the

peptide library selections described so far, we used a combination of phage and yeast dis-

play to select intriguing peptide ligands. Based on the success of our selections we believe

that peptide libraries obtained with helper cells are not only suitable, but preferable to tradi-

tional phage display libraries for selection of peptidic ligands.

Introduction
Affinity ligands are important tools for the advancement of various biomedical technologies,
such as advanced therapeutics, targeted delivery, and microscopy. While antibodies have his-
torically been the most frequently employed affinity ligands, a number of exciting applications
have emerged for peptides as affinity ligands due to their useful and unique properties. For
example, peptides (mimotopes), selected for binding to soluble antibodies, have been used for
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the discovery of disease-related epitopes, and provide the potential for vaccine development
without requiring information about the etiological agent or its antigens [1]. Peptides capable
of recognizing changes in the binding region of analyte-bound antibodies have also been used
in high sensitivity biosensors for the detection of small molecules [2]. Finally, their ease of
chemical synthesis and amino acid modification can provide peptides with higher bioavailabil-
ity and resistance to proteolysis, thereby improving their stability and performance in in vivo
studies.
The ability to generate and screen large genetically-encodedantibody/peptide libraries, dis-

played on either viruses or cells, has matured over the past 25 years and is now one of the pri-
mary in vitro methods used to select antibody or peptide ligands to almost any antigen of
interest [3]. Like antibody fragments, peptide ligands are typically selected from large filamen-
tous phage display libraries. However, since peptides selected from naïve libraries usually have
low affinities and, due to their smaller size, are more easily influenced by their context (e.g. dis-
play platform), their selection benefits from high display efficiency, library purity (i.e., lack of
contaminating wild typeM13 phage), and the ability to eliminate display bias. Efficiency and
purity are the two main attributes addressed in the work we describe here.
M13 bacteriophage is a flexible filamentous bacterial virus containing single stranded DNA

packaged within a few thousand copies of p8, the major coat protein, and 3–5 copies of each of
the four minor coat proteins (p3, p6, p7 and p9). By modification of the phage genome, it is
possible to efficiently express polypeptides fused to phage coat proteins and build libraries of
enormous complexity. The physical linkage between the phage phenotype (displayed protein/
peptide) and its genotype (encodingDNA) allows the efficient selection of ligands for virtually
any selectormolecule [4]. Although large libraries were initially created in phage vectors, they
tended to delete extraneous DNA, and it was consequently more challenging to create high
complexity libraries. Early on, these problems were partially resolved by the use of phagemid
display vectors, which are plasmid vectors containing a phage packaging signal and a gene
encoding the displayed polypeptide-phage coat protein fusion [5]. Phagemid vectors lack all
other phage protein genes, and are propagated and packaged as phage particles in bacteria only
upon infection with helper phage. Helper phage is derived fromM13 filamentous phage, and
contains a crippled phage packaging signal, an additional origin of replication and optionally,
an antibiotic resistance gene. Together, these modifications result in preferential packaging of
phagemid over helper phage when both are present in a bacterial host simultaneously. Unfor-
tunately, phagemid display libraries also have drawbacks: helper phage can sometimes domi-
nate selections (thought to be due to a reversion of the crippled packaging signal) [6] and
display is monomeric, prejudicing their use for peptides. To overcome these problems, Chas-
teen et. al. developed a set of helper plasmids that supply the genes necessary for packaging
phage, but lack the packaging signal present in helper phage [7]. Three different helper plas-
mids are described:M13cp (carries a full-length p3 gene), M13cp-CT (carries a truncated p3
gene), and M13-DG3 (lacks p3 gene completely) (Fig 1). When transformed into E. coli these
plasmids generate a set of helper cell lines that, upon phagemid transfection or transformation,
produce phage solutions free of helper phage. Furthermore, since coat protein p3 is essential
for efficient phage infectivity [5, 8–10], phage particles displaying either truncated p3 or no p3
are unable to infect unless they also contain a copy of p3 provided by the phagemid, which
ensures that only phagemid with displayed proteins are propagated by infection. These helper
plasmids were shown to provide different display levels of the polypeptide-phage coat fusion
protein, with M13-DG3 displaying the most, M13-cp the least, and M13-cpCT in between [7].
With varying display levels, one could theoretically toggle between the higher display levels of
M13-DG3 and M13cp-CT in early selection rounds to fully capture the available diversity, and
the lower levels of M13cp for subsequent selections of higher affinity clones.
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In phage display no more than 5 copies of a peptide or polypeptide can be displayed on each
phage particle when p3 is used as the display protein. When p8 is used as the display protein,
thousands of small peptides can be displayed. This is in contrast to yeast display where 30,000–
100,000 polypeptides can be displayed on each cell [12, 13]. This higher display efficiency, cou-
pled with the larger size of yeast, result in significant advantages, primarily the ability to use
flow cytometry to both analyze selections and sort relevant clones based on display efficiency
and affinity for the selection target. Traditional scFv display (i.e., helper phage-mediated) and
yeast display have been combined as an alternative to selections based solely on phage panning
[14, 15]. The scFv/yeast hybrid selectionmethod also has the important advantage that the
chance of selecting ligands with a display-context bias might be reduced. This feature could be
particularly useful in selection of peptides, as we have combined here with helper cells, since
small molecules like peptides are more prone to display bias.
In the work presented here we examine and refine the helper cell system by exploring differ-

ent combinations of helper plasmids and commonly used E. coli strains. We used the informa-
tion obtained to generate and characterize optimal peptide phage libraries displayed using the
helper cell system.We chose F1V [16–19] and the glutamine-binding periplasmic protein QBP
[20] as our targets for selection in order to demonstrate the power and utility of isolating pep-
tide ligands from our helper cell libraries. F1V was chosen because ligands that bind specifically
to its surface could potentially be used as reagents in biothreat sensors. L-glutamine- and apo-
glutamine binding protein (QBP) was chosen because the ability to distinguish between bound
and unbound proteins is valuable in sensing small molecules.When selectingQBP ligands we
combined the helper cell peptide system with yeast display in the attempt to reduce the proba-
bility of selection platform bias. The results presented here show the successful use of helper
cell libraries in selecting peptide ligands against targets of interest.

Results

Helper Cell Characterization
Our goal was to determine the best combinations of helper cell plasmids and commonly used
E. coli strains to generate and amplify libraries. Three helper cell features were analyzed: trans-
formation efficiency, ability to produce phage (phage yield) and susceptibility to phage infec-
tion (infectability). High transformation efficiency (high number of transformants) would
allow us to generate larger primary libraries directly in helper cells by transformation with a
fixed quantity of phagemid DNA. High phage yield would allow us to generate greater quanti-
ties of highly concentrated phage libraries with the highest possible display efficiency, improv-
ing the chances of selecting candidate binding peptides during the target-binding step of every
panning cycle. Finally, high susceptibility to infection (infectability) would allowmore straight-
forward library amplification and propagation during selections by direct infection, rather than
transformation. It was previously reported that M13cp-CT and M13-DG3 helper cells pro-
duced phage particles with more efficient display than phage derived fromM13cp cells [7].
Therefore we limited our search for the most infectable and most efficient phage-producing
cell line to M13cp-CT and M13-DG3 helper cells. Extensive characterization of helper cells

Fig 1. Genotypesand phenotypesof phage particlesobtainedwith the helper cell system.Helper cells contain one of the following helper plasmids:
M13cp (full-lengthgene 3), M13cp-CT (truncatedgene 3), or M13DG3 (fully deleted gene 3). E. coli containing random-peptide-encoding phagemids and
any one of the helper plasmids produce phagemid particlesexpressing varying levels of peptide-fusedgene 3 protein.We found that M13cp cells are
highly transformation efficient,making them good candidates for generating primary libraries based on the gene 3 protein display vector pDAN5 [11] while
bothM13cp-CTandM13DG3 cells are highly infectable, produce very high numbers of phagemid particles, and are useful to produce amplified
(secondary) librarieswhich have the features of monovalent or multivalent display, respectively.

doi:10.1371/journal.pone.0160940.g001
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derived from various combinations of helper plasmids and E. coli strains (S1 Fig) led us to
choose the high transformation efficiency cell line SS320-M13cp for cloning and production of
primary libraries, and the high infectability and high phage-producing cell lines OmniMAX
(Invitrogen F’ cell line #C854003) -M13cp-CT and XL1-blue-M13-DG3 for production of sec-
ondary libraries as well as amplification during panning (Fig 1).
As part of our thorough characterization of helper cells, we investigated if helper cells could

be used to create scFv library uncontaminated with helper phage by transforming our primary
phagemid antibody library into the M13cp cells and using the phagemid particles obtained to
infectM13cp-CT derivatives of cre recombinase expressing cells, and subsequently M13cp-CT
DH5alpha (Invitrogen F’ cell line #18288019) to produce the scFv display library. We quickly
realized that panning of scFv libraries produced in helper cells led to enrichment of phagemid
encoding truncated scFvs (Fig 2, Tables A and B in S1 File). Further examination of this phe-
nomenon revealed that co-selectionof bacteria containing both phagemid (which carries ampi-
cillin-resistance) and helper plasmid (which carries chloramphenicol-resistance) resulted in an
increase of truncated scFv (Tables C and D in S1 File). The number of truncations appeared to

Fig 2. PCR analysis of scFv selectionsamplifiedwith either helper phage or helper cells.Extensive characterization of helper cells derived from
various combinations of helper plasmids and E. coli strains led us to choose those best suited for high transformation efficiency, high infectability and high
phage-producing. Toward thorough characterization of helper cells we further investigated their utility for scFv selection. The result of the PCR and capillary
electrophoresis analysis of representative number of scFv clones are shown. The DNA encoding full-length scFv correspond to the higher bands (about 800
bp), whereas the lower bands correspond to DNA encoding truncated scFv of different sizes. After the second cycle of panning, library outputs amplifiedwith
either helper phage (A) or with helper cells (B) contained approximately 4% or 66% truncatedscFvs respectively. Thus, helper cells are intolerant of the
scFv, leading to truncations, and instead are ideal for peptide selections.

doi:10.1371/journal.pone.0160940.g002
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be related to the concentration of chloramphenicol in the selectionmedia (Table E in S1 File).
Omitting chloramphenicol reduced the level of truncation; however, since chloramphenicol is
required to exert selection pressure on the helper plasmids, and the helper plasmids are
required for making phage, the level of clones producing phage particles also decreasedwith a
decreased amount of chloramphenicol. As the truncation phenomenon appeared to be due to
helper cell intolerance of the scFv-fusion encoded by the phagemid vector, we speculated that
the helper cell systemmight be better suited for producing and selecting from peptide libraries,
as we have demonstrated here.

Peptide LibraryConstructionand Characterization
The linear libraries included peptides 6, 12 or 18 amino acids long, whereas the cyclic libraries
were 6 or 10 amino acids long (excluding the terminal cysteines added for cyclization). The
length of our libraries was intended to bracket the full range of lengths of the complementarity
determining region 3 (CDR3) found in naturally-occurring antibodies [21]. Recombinant plas-
mid pDAN5 [11], our standard phagemid vector, was used as template for library construction
(Fig 3). The diversity of our 6-mer (linear and cyclic) and 12-mer libraries was in the 108 range,
the 18-mer library was in the 109 range, and the 10-mer library was in the 108 range. The

Fig 3. Vector map and primers used for library construction.The forward primers (FW) incorporated the different sets of randompeptide sequences.
The random sequences are coded by NNK, where N = A,T,C, or G and K = G or T.

doi:10.1371/journal.pone.0160940.g003
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amino acid bias (i.e. the difference between the theoretical and the observedpercent of each
amino acid) in our libraries was determined by sequencing, and compared to two commercially
available peptide libraries from New England Biolabs (NEB), PhD-12 and PhD-C7C (see
library characterization details in Table 1). Our libraries were as diverse as, if not more diverse
than, these two commercial NEB libraries. Our libraries, like most commercial libraries, had
fewer cysteines than theoretically expected, attributed to the tendency of unpaired disulfide
bonds to interfere with phage packaging and transportation through the periplasmicmem-
brane of the host cells. Based on the level of diversity and amino acid bias, all the libraries were
determined to be suitable for selections and were panned independently against F1V. In paral-
lel experiments a mixture of the libraries (both CT and DG3) was selected for binding to L-glu-
tamine-binding periplasmic protein (QBP), and this was followed up with sorting by yeast
display in order to identify those peptides with particular conformational preferences.

Selection of F1V-binding Peptides
Libraries were selected on purified F1V antigen, which was biotinylated and immobilized on
streptavidin magnetic beads. After three rounds of selection, approximately 150 clones per
selection output were assayed for binding to F1V antigen, by phage ELISA. The 48 clones with
the highest signal/background ratio in ELISA (approximately 20-fold over background) were
also sequenced (Table 2). It is interesting to note that a large number of the 48 F1V-positive

Table 1. Actual vs. theoreticalpercentageof each amino acid in peptidehelper cell secondary libraries and commercial peptide libraries.

AA Theor.a L CPCT
6-mer

L DG3
6-mer

L CPCT
12-mer

L DG3
12-mer

L CPCT
18-mer

L DG3
18-mer

C DG3
10-mer

C CPCT
10-mer

C DG3
6-mer

C CPCT
6-mer

NEB
PhD-12

b

NEB
PhD-C7C b

F 3.1 4.7 3.0 3.9 2.9 2.6 2.5 3.9 2.8 4.1 4.0 3.3 1.9

P 6.2 5.5 4.5 6.0 5.5 5.6 4.4 5.9 5.1 5.3 5.5 12.2 7.0

M 3.1 4.0 2.9 2.6 2.9 2.1 2.9 3.2 3.1 3.4 3.1 2.6 4.3

G 6.2 7.9 7.6 6.2 6.8 12.7 12.3 8.8 9.0 9.3 6.8 2.6 4.2

A 6.2 6.1 4.3 5.0 4.9 8.1 7.8 6.1 7.2 4.6 6.1 6.0 5.3

V 6.2 7.1 8.4 6.8 6.7 7.5 8.6 8.3 6.7 5.3 6.8 3.9 4.2

L 9.4 9.1 8.4 9.2 9.2 8.5 7.0 8.5 9.7 10.5 10.3 9.3 8.5

I 3.1 3.4 2.5 3.0 2.9 2.0 2.2 4.4 4.6 3.2 3.2 3.4 3.2

S 9.4 9.3 8.5 9.8 10.1 7.8 7.8 8.3 9.0 9.3 8.5 10.0 10.4

T 6.2 5.4 4.6 4.7 5.4 3.9 4.8 3.9 4.6 3.9 5.7 11.1 9.5

Y 3.1 3.3 3.1 3.0 4.1 2.2 2.1 3.3 1.5 2.1 3.2 3.6 3.6

W 3.1 3.0 3.9 3.9 2.2 4.3 4.5 2.4 4.5 4.9 4.5 2.2 2.2

C 3.1 0.4 1.0 1.6 1.7 1.7 1.3 1.2 2.3 1.4 1.6 0.5 0.6

N 3.1 3.4 1.8 3.2 2.8 2.4 2.1 2.4 1.5 2.3 3.3 4.6 4.0

Q 6.2 7.1 14.2 10.1 9.1 6.5 8.1 11.4 11.9 10.9 6.4 5.1 5.3

D 3.1 3.5 3.3 2.2 3.3 2.3 3.2 3.9 2.2 3.3 3.3 2.8 4.0

E 3.1 2.6 2.2 2.3 2.6 3.5 3.1 3.2 2.4 1.9 3.4 3.1 3.4

K 3.1 3.1 2.3 2.6 2.5 2.5 2.2 2.2 2.4 2.9 1.9 2.8 5.1

R 9.4 7.4 8.9 8.6 11.8 9.4 10.8 10.0 10.1 9.3 8.7 4.7 5.6

H 3.1 2.9 4.2 3.2 3.4 1.9 2.1 1.7 2.3 2.3 2.2 6.3 4.9

a Theoretical amino acid representation was calculated according to the following formula: # codons for the amino acid indicated/total number of codons (64)

*100.
b Commercial peptide libraries PhD-12 (linear) and PhD-C7C (cyclic) fromNEB.

Pink cells = lower percentage than theoretical.

Green cells = higher percentage than theoretical

doi:10.1371/journal.pone.0160940.t001
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clones contain a hydrophobic amino acid at the N-terminus. Surprisingly, none of the cyclic
peptide libraries yielded ELISA positive clones, whereas all the linear libraries did. Repeated
ELISA assays and re-sequencing of the F1V-ELISA positive clones revealed an astonishing con-
sensus across the different libraries. The VxVN sequence was found among the majority of the
clones analyzed, regardless of length, while the consensus FxVRVN was found among the 6
and 12-mers. Some of the F1V-ELISA-positive clones were further analyzed by whole-cell
ELISA using Y. pestis C092 and Y. pestis Kim (Fig 4). Among the clones analyzed by whole-cell
ELISA, the ones positive by both antigen and whole-cell ELISA were two 12-mers:
FSVRVNLGPKGL (“KGL”), which conformed to our observedFxVRVN consensus, and
FLQLHNLWPFPG (“FPG”), which conformed to our observedFxxxxN consensus (KGL and
FPG are boxed in Table 2). It is worth noting here that two clones positive against Y. pestis
whole cells (out of 48 clones positive for F1V) seems to be quite a low number. Several factors
could be responsible for this result. First, we used phage culture supernatants for both types of
ELISA assays. These supernatants typically produced variable numbers of phage and likely,
given the typical affinity of peptides, may not have sufficient ligand concentration for detection
of whole cells by ELISA (i.e., supernatants whose titer was less than 1x107 pfu per milliliter
were negative even by F1V ELISA). Second, ELISA on F1V differs from that on Y. pestis whole
cells in that the whole cells secretemost of the F1 and V proteins into the surroundingmedium,
whereby most of it is rinsed off before encountering our phage clones [22].

Selection of QBP-bindingPeptides
An equally represented mixture of primary phage libraries (3x1012 each) displaying 6, 10 and
12-mer peptides (one linear and two cyclic), was amplified in OminMAXM13cp-CT, and
selected for binding to purified apo (Q) or glutamine-bound (QQ) L-glutamine-binding peri-
plasmic protein QBP [20]. The sub-libraries of clones obtained at the end of the second round
of phage panning in helper cells were cloned into the N terminus of the Aga-2 display protein
in the yeast display vector, pCTCON2 [13]. The diversity of the two yeast display sub-libraries
was approximately 107. Among the members of these sub-libraries, those exhibiting the highest
level of expression, and binding to either QQ or Q, were subjected to two rounds of selection
by flow cytometry sorting. Among the output yeast from the second sort, forty-eight clones
(one set per sort) were randomly picked and assayed for binding to the protein against which
they were selected. 84% of the clones selected for binding to Q and 54.5% of the clones selected
for binding to QQwere positive. The eleven best ligands (10-fold or more above background)
in each set were tested for binding to either Q, QQ or streptavidin (no antigen control), in
order to: 1) identify ligands capable of differentiating between glutamine-bound and unbound
QBP; and 2) identify ligands that bind streptavidin. The eleven best clones sorted for binding
to Q were confirmed as being Q-ligands, however one of them (D6) showed preferential
binding to QQ vs Q (Fig 5), and none bound streptavidin. The eleven best clones sorted for
binding to QQwere confirmed as QQ-ligands, however one (F5) boundQQ better than Q
(Fig 5), and one bound streptavidin. Genes encoding peptide D6 and F5 (differential ligands),
peptide P11 and H1 (binding equally well to Q and QQ, Fig 5), and the only streptavidin-bind-
ing peptide were sequenced and translated (Table 3). The QBP-binding peptides revealed a
remarkable consensus, in particular the two stronger differential ligands bear more resem-
blance to each other (consensus: xDWxWMWPxF) than to the other two peptides (consensus:
SKWSxMWRxx). In contrast to the F1V selections, here the best ligands were cyclic (nonlin-
ear) 10-mers, while the streptavidin ligand was a linear 12-mer containing the motif GDW
found in streptavidin peptides previously reported [24]. The GDW and DWmotifs are also
present in F5 and D6 respectively; these motifs might be related to streptavidin binding. Note
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that streptavidin is always present in our phage or yeast-based selections; therefore there might
be a bias toward streptavidin binding for all the sequences that we select. It is possible that F5
and D6 are very weak streptavidin binders, but much stronger QQ and Q binders, whereas F4,
for which the motif GDW is in a context different than for F5 and D6, streptavidin binding
prevails.

Fig 4. Two peptide clones recognize live whole cell Y. pestis as well as purifiedF1V antigen.Phage supernatants produced from clones randomly
picked from selection outputs were assayed for binding to F1V-coated, whole cell-coated and uncoated wells. CT4 control is an scFv identified as positive
froma previous selection on F1V [23]. Phage binding was detectedwith anti-M13-HRP conjugated antibody. The signal obtainedwith uncoated wells was
subtracted from the signal corresponding to coated wells, and the results were normalizedbased on phage concentration.

doi:10.1371/journal.pone.0160940.g004
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Discussion
The helper plasmid-based system was developed as an efficientmethod to create libraries that
are free of contaminating helper phage while having tunable display levels. In this manuscript
we first characterize and optimize the helper plasmid system for peptide display, and then dem-
onstrate its utility in selecting relevant peptides against two different targets. A careful analysis

Fig 5. Bindingcurves for selectedQBP-binding peptides.Selected peptideswere yeast-expressed and assayed by flow cytometry for
binding to apo (Q) or glutamine-bound (QQ) L-glutamine-binding periplasmicproteinQBP at various concentrations. Experiments were executed
in duplicate and the data points in each graph are averages of the mean APC fluorescencewith corresponding standard deviations. The
estimated affinities from this data are D6 = 35 nanoM, F5 = 300 nanoM, and P11 = 2microM.

doi:10.1371/journal.pone.0160940.g005

Table 3. Sequenceanalysis of selectedQBP or streptavidin-binding peptides.

TARGET BOUND SEQUENCEa

Selected peptides P11111 QQ and Q C S K W S W M W R D Y C

H11 QQ and Q C S K W S G M W R A F C

Consensus sequence QQ and Q C S K W S X M W R X X C

Selected peptides D6 QQ >Q C Q D W D W M W P V F C

F5 QQ >Q C G D W G W M W P A F C

Consensus sequence QQ >Q C X D W X W M W P X F C

Selected peptide F4 Streptavidin G D W G A W V V S G G R

a Amino acids highlighted in color are conserved in multiple selected peptides.

Orange = small hydroxyl; blue = basic; green: hydrophobic; red: acidic; grey = cysteins needed for

cyclization.

doi:10.1371/journal.pone.0160940.t003
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of transformation efficiency, susceptibility to phage infection, and efficiencyof phage production
of several combinations of helper plasmids and E. coli strains (S1 Fig), has lead us to conclude
that: 1) peptide libraries can be cloned directly in all the helper cells derived from E. coli SS320,
with an efficiencyof transformation comparable to the parent cell line; 2) OmniMAX-M13cp-
CT and DH5α-M13-DG3 can be infected by phage as efficiently as E. coli XL1Blue (our standard
of “infectability”), and are high-yield phage producers. E. coli SS320 have the highest transforma-
tion efficiencyof any strain used for phage display (�4x1010 cfu/microgrampUC vector), so it is
not surprising that the helper cells derived from this strain are also very efficient phage producers
(S1 Fig). OmniMAX-M13cp-CThad the highest susceptibility to phage infection, while Omni-
MAX-DG3was consistently found resistant to phage infection. It is unclear why the F’ Omni-
MAX cells would be susceptible to phage infectionwhile carrying theM13-cp-CT plasmid, yet
resist infectionwhile carrying theM13-DG3 plasmid. However, for this reason we did not choose
OmniMAX-DG3helper cells for further studies.
We created high diversity, high quality linear and cyclic primary peptide libraries of variable

lengths directly in helper cells SS320-M13cp (Table F in S1 File). Upon selection against F1V [16–
19] and L-glutamine-binding periplasmic protein QBP [20], these libraries yielded positive linear
(F1V or streptavidin ligands) or cyclic (QBP-ligands) peptides of variable lengths, bearing differ-
ent consensus sequences for different target ligands (Tables 1 and 2). Upon screening of phage
sub-libraries obtained from panning against F1V, peptides FPG and KGL were found to be the
best ligands, as they demonstrate reproducible binding to F1V antigen, as well as to live Y. pestis
CO92 and KIM (Fig 4). The similarity of results obtained in the two different assays, and the vast
[FxVRVN] consensus within KGL and the like, indicates that these peptides are true F1 ligands.
Our selection of QBP-binding peptides combined two rounds of phage library panning in

OmniMAX-M13cp-CT, with two subsequent rounds of panning on yeast. Such toggling
between display scaffolds is particularly useful since small molecules like peptides are more
prone than are larger proteins toward bias derived from display context. The high percentage
of positive clones randomly picked from the second round of yeast selection against free QBP
(Q) or glutamine-boundQBP (QQ), demonstrates the high efficiencyof our selectionmethod.
We were able to find peptides capable of distinguishing between bound and unboundQBP,
mostly likely due to the large total number of positive clones. The sizes of the QBP or Streptavi-
din-binding peptides were consistent with the size range of our libraries (Table 3, 10-mer cyclic
QBP ligands and 12-mer linear Streptavidin ligand) suggesting that there were no truncations
during selections. Furthermore the four QBP-binding clones revealed a remarkable sequence
similarity, which is consistent with their similar function. It is interesting to notice that the two
peptides (D6 and F5) with higher affinity for QQ than for Q have higher sequence similarity
than the two peptides that bind equally to both forms of QBP. Although streptavidin was not a
molecule that we targeted for selection, a streptavidin-binding peptide containing the tripep-
tide GWD, previously reported as a consensus sequence for other streptavidin-binding pep-
tides [24] was selected, further validating the value of our libraries.
Based on the results presented in this manuscript we can confidently state that a compre-

hensive array of peptide libraries can be produced and selected in our optimized helper cell sys-
tem, leading to the identification of peptides of various lengths and structures, which bind to
ligands of interest.

Materials and Methods

Helper cells preparation and characterization
Helper cells preparation. The three helper plasmids used in the construction of helper

cells were M13cp, M13cp-CT, and M13-DG3. Cell lines DH5alpha, SS320 (made in house by
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mating MC1061 from ATCC with XL1Blue from Stratagene), and OmniMaxT1 (Invitrogen),
were made chemically competent with MgCl2 and CaCl2 and transformed with the helper plas-
mids by heat shock, followed by plating on 2XYT containing 20 microgram/milliliter chloram-
phenicol (2XYT/cam). The nine resulting transformants (helper cell lines) were proven to
contain the correct construct by PCR using primers Gene 6 (5’-CTCGAAAGCAAGCTGATA
AACCGATACA-3’) and Gene 8 (5’-CCCAAAAGAACTGGCATGATTAAGACTCC-3’).
Every helper cell clone tested revealed the presence of the correct length amplicon (M13cp =
1366 bp, M13cp-CT = 613 bp, and M13-DG3 = 236 bp).
Transformation efficiency. The helper cell lines were made electrocompetent, and trans-

formed with pDAN5-D1.3 phagemid [11]. Dilutions of the transformed cells were plated on
2XYT containing 100 microgram/milliliter carbenicillin (2XYT/carb) and counted. Transfor-
mation efficiencywas reported as the number of colony-forming units per microgram of DNA.
Infectability (susceptibility to infection). The helper cell lines were grown overnight in

2XYT/cam, diluted 100-fold in 50 milliliter 2XYT/cam, and grown to mid-log phase (OD600
0.5). Cells were infected with purified pDAN5-D1.3 phage particles which were Polyethylene
glycol-sodiumchloride (PEG-NaCl)-purified and stored at -80°C in 15% glycerol and thawed
just before use) at multiplicity of infection (MOI) between 100 and 1000 MOI. Cells were
infected for 30 minutes in a stationary 37°C incubator, then allowed to recover by incubation
at 37°C with shaking (250 rpm) for 60 minutes. After the recovery, 100 microliter aliquots were
taken from the cell cultures, serially diluted, and plated on either 2XYT/cam or 2XYT/carb.
Infectability was calculated as the percent of carb-resistant colonies in the total number of
cam-resistant colonies, i.e., the percent of helper cells that were infected by phage.
Phage production. The remaining 49.9 milliliter of infected helper cell cultures from the

infectability studies were used in the phage production studies. Cells were centrifuged at 2800
rpm at 18°C for 30 minutes to remove excess D1.3 input phage. The cells were re-suspended in
2XYT containing 100 microgram/milliliter carbenicillin and 10 microgram/milliliter chloram-
phenicol (2XYT/carb/cam), and grown overnight at 30°C with shaking at 250 rpm. BL21 (Pro-
mega) cells were also infected as a negative control. BL21 are non-infectable because they are
missing the F1 pilus, so they were included in order to determine the level of phage background
in our phage preparations. After 19 hours, the cells were pelleted at 4000 rpm (4°C) for 60 min-
utes, and the supernatants were titrated to determine the amounts of phage produced by each
helper cell line. Phage production was calculated as the total number of amplified phage parti-
cles relative to the phage obtained from the BL21 culture (background), and reported as fold-
amplification over background.

Library preparation and characterization
Generation of randompeptideDNA libraries by PCR. The phagemid pDAN5-D1.3 was

used as the template for large-scale (10 milliL) PCR reactions to generate each DNA library. In
each PCR various sets of primers incorporated random peptide sequences. The primers were
from Trilink Biotechnologies (San Diego, CA). The antisense primer, “StAantsns”, which
primed in the PelB region of pDAN5D1.3, had the sequence 5’GTGATGGGTTAAAAAGCGC
GCCGCTTGCTG-3’, and was used to make all ten libraries. Each sense primer annealed to 5’
region of gene 3 while incorporating a BssHII restriction site, a His-Ala-Ala spacer and a ran-
dom peptide of various length. Each amino acid of the random peptide was coded by the NNK
codon. The general sequence of the sense primers used for the linear peptide libraries construc-
tion was:
5’-AACGTGTGCGCGCATGCAGCC(NNK)xGCCGCTACTGTTGAAAGTTGTTTA-3’,

where X was either 6, 12 or 18 for the 6, 12, or 18-mer library respectively. The general
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sequence of the sense primers used for the cyclic peptide libraries (also 6, 12, or 18-mer) con-
structionwas: 5’-AACGTGTGCGCGCATGCAGCCGGCTGT(NNK)xTGTGGTGCCGCTAC
TGTTGAAAGTTGTTTA-3’. These primers had the same features as the primers used for the
linear libraries; additionally, they were designed so that each side of the random peptide would
be flanked by a glycine and a cysteine. PCR was performed using Phusion taq polymerase as
follows: 0.2 micromolar each of dNTP and primers, 100 units Phusion taq, and 3 microgram
DNA template in a final volume of 10 milliL. The thermocycle program was: 98°C 30 sec,
(98°C 10 sec, 68°C 20 sec, 72°C 90 sec) x30, 72°C 10 min. PCR product was cleaned with QIA-
Quick PCR cleanup kit (Qiagen). Cleaned PCR products were digested with BssHII, purified
by agarose gel electrophoresis (QIAexII, Qiagen) and circularizedwith T4 DNA ligase. The
ligation reactions were cleaned by ethanol precipitation. All enzymes were from New England
Biolabs (Beverly, MA).
Generation of primary phage libraries in SS320-M13cp cells. DNA from all five random

peptide libraries was transformed into our helper cell line SS320-M13cp. Although helper cells
have a lower efficiencyof transformation than standard E. coli SS320, the goal was to create the
libraries in helper cells in order that the primary phage libraries would be free of helper phage.
The transformation procedure was the following: 2 milliliter of cells were electroporated in ten
cuvettes (200 microliter cells per cuvette) with DNA library (between 500 nanog and 10 micro-
gramDNA library, depending on yield from DNA purification). Cultures were pooled, Super-
Optimal broth plus glucose (SOC)was added to a total of 20 milliL, and the cultures were
shaken at 37°C for 30 minutes. Subsequently, 80 more milliliter of SOCwas added, and the cul-
tures were shaken at 37°C for 30 minutes. Small aliquots were removed for library size determi-
nation, while the remainder of the cultures was added to 900 milliliter of 2XYT/carb/cam to
make primary phage libraries. Library sizes were calculated by: 1) plating dilutions of the trans-
formed cells on 2XYT/carb/cam; 2) counting antibiotic-resistant colonies; 3) extrapolating the
total number of colony-forming units in each library. The amplified primary phage libraries
were PEG/NaCl precipitated, titrated in DH5alpha, and stored at -80°C as glycerol stocks.
Generation of secondary libraries in Omni-M13cp-CTand XL-DG3 cells. Each of the 5

primary phage libraries was used to make secondary phage libraries by infecting either our
Omnimax-M13cp-CThelper cells (monovalent display) or our XL-DG3 helper cells (multiva-
lent display). One liter of cell culture was infected with primary phage at MOI of less than 1,
and incubated with shaking overnight at 30°C. Secondaryphage libraries were PEG/NaCl pre-
cipitated twice, titrated in DH5alpha and stored as glycerol stocks at -80°C.
Sequencing of unselectedsecondary libraries. After spotting 5 microliter of infected

DH5α on 2XYT/carb plates for titer, 100 microliter of the higher dilutions (10−9, 10−10, 10−11)
cell suspensions were plated on 2XYT/carb plates for single colony growth. Approximately 200
to 400 colonies were randomly picked and sequenced from each library. Sequencing FW
primer was 5’-GCA CGACAG GTTTCC CGACT-3’.

LibrarySelections
Selectionand screening of F1V ligands. Antigen-conjugated beads for selection on F1V

surface protein were prepared as follows: 1 millig of Yersinia pestis fusion protein F1V (BEI)
was coupled to 20 millig of DynalMyOne carboxylic acid magnetic beads usingN-hydroxysul-
fosuccinimide/1-ethyl-3-(3-dimethylaminopropyl) carbodiimidehydrochloride (NHS/EDC)
chemistry. Conjugation of the protein to the beads was performed in 23 millimolar sulfo-NHS
and 26 millimolar EDC, (Pierce) in 25 millimolar 2-(N-morpholino)ethanesulfonic acid (MES)
buffer pH 6 for 1h at room temperature, followed by quenching in 50 millimolar Tris-HCl pH
7.5 for 15 minutes and washing twice with 1X Phosphate-buffered saline (PBS). The beads
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were re-suspended to 10 millig/milliliter in PBS for use in selections. F1V protein conjugated
to the beads was quantified by BCA assay (Pierce) and was determined to be 2.14 millig/millili-
ter (2.14 millig F1V to 1010 beads). Prior to selection the ten random peptide phage display sec-
ondary libraries prepared as described above were blocked with 4.5% bovine serum albumin
(BSA) in a 200 microliter volume for 1h at room temperature with rotation. At the same time,
a volume of F1V-conjugated bead solution corresponding to 6 micromolar F1V was aliquoted
in as many Eppendorf tubes as number of selections desired, and blocked with 4.5% (BSA)
under the same conditions as the blocked phage. The beads were collected using a Dynal mag-
netic rack and re-suspended in the blocked phage solutions. The mixture of phage and beads
was then incubated together in an automated magnetic bead system (KingFisher,) for one
hour, followed by six ten-secondwashes with 200 microliter PBS + 0.5% BSA to remove
unbound phage. Finally, the bound phage was eluted from the beads in 100 microliter of 0.1M
HCl for 15 minutes, and neutralized by adding 50 microliter of 1.7 M Tris-HCl pH 8. The
eluted phage was amplified by infecting 4 milliliter of XL-DG3 cells grown to OD600 0.5 with
130 microliter of phage for 60 minutes at 37°C, followed by the addition of 21 milliliter of
2XYT/carb/cam, and incubated overnight at 30°C with shaking. The supernatants from the
overnight cultures were PEG/NaCl precipitated once and re-suspended in PBS with protease
inhibitor (Roche) and PMSF. The amplified phage outputs were subjected to two subsequent
rounds of selection, whose stringencywas increased by decreasing the concentration of bead-
bound F1V to 3.5 micromolar (second round) and 2.2 micromolar (third round). The phage
output solutions obtained from the third round of each selectionwere screened for F1V bind-
ing by ELISA. Helper cell lines infected with the phage outputs were plated on 2XYT/carb/cam
at a low enough density to obtain single colonies. The next day, 96 colonies per output were
picked into 800 microliter of 2XYT/carb/cam in sterile deep 96-well plates, and incubated over-
night at 30°C for phage production. Concurrently, NUNCmaxisorp plates were prepared as
follows: rows A, C, E, G received 100 microliter per well of a 10 microgram/milliliterF1V pro-
tein solution in PBS, while rows B, D, F, H received only 100 microliter of PBS (no antigen neg-
ative control). The maxisorp plates were incubated overnight at 4°C. ELISA was carried out by
washing the coated plates once with PBS and blocking with 250 microliter of 4.5% fish gelatin
in PBS at room temperature (RT) for 1h. During the blocking, 700 microliter of infected
XL-DG3 cells (after 100 microliter of cell suspension was put aside for sequencing) were pel-
leted in a deep well plate at 4000 rpm at 4°C for 45 minutes, in order to obtain phage superna-
tants for ELISA. Upon removing the blocking solution, 25 microliter of 4.5% fish gelatin was
added to each well of the ELISA plates, along with 75 microliter of each phage supernatant.
The plates were incubated for 1.5 hours at room temperature, then washed twice with 0.1%
Tween-20 in PBS (PBST) and then twice with PBS. Upon addition of 100 microliter of 3.7
microgram/milliliter rabbit-anti-M13 IgG (Abcam) and 1% fish gelatin in PBS, the plates were
incubated for one hour at room temperature, then washed twice with PBST and twice with
PBS. This was followed by addition of 100 microliter of 2 microgram/milliliter goat-anti-rabbit
IgG-HRP (Abcam) in 0.45% fish gelatin. The plates were incubated for 45 minutes at room
temperature, washed twice with PBST and twice with PBS. The plates were developed by add-
ing 100 microliter TMB substrate (Pierce), followed by addition of 50 microliter of 1 M H2S04.
The plate was read at 405 nm on a ThermoMultiskan Ascent spectrometer. Positive clones
(clones 10-fold or more over background) were sequenced, and the phage ELISA was then
repeated for all positive clones.
Whole-cell phage ELISA. Phage supernatants were prepared in deep-well plates as

described above. Sterile NUNCmaxisorp plates were coated overnight with Yersinia pestis
strain C092 or Kim as follows: rows A, C, E, G were coated with 100 microliter per well of Yer-
sinia in 100 microliter Tryptic Soy Broth (TSB). The remaining row received only TSB. In
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addition to the anti-F1V peptide phage clones, a previously analyzed anti-F1V scFv phage,
CT4 [23], was used as the positive control and an F1V-negative phage was used as the negative
control. The whole cell ELISAs were carried out using the protocol used for antigen ELISA. Sig-
nals corresponding to cell-free wells were subtracted from signal corresponding to coated
wells. The resultant numbers were normalized based on phage titers, and the final results were
reported as folds above negative phage binding.
Selectionand screening of QBP-binding peptides by phage display. Phage production:

Helper cell E. coliOmniMAXM13cp-CTwas cultured in 10 milliliter 2XYT plus 20 microgram/
milliliter chloramphenicol (2XYT/cam), to OD600 0.7, and infectedwith an equally represented
mixture of phage libraries displaying 6, 10 and 12-mer peptides (linear and cyclic) at MOI 100,
by static incubation at 37°C for 45 min. The cell suspension was centrifuged, re-suspended in 50
milliliter 2XYT/carb/camand incubated at 30°C overnight. The cell suspension was centrifuged,
after which the supernatant was filter sterilized and PEG-NaCl precipitated twice. The second
precipitate was re-suspended in 500 microliter PBS, and titrated in E. coliDH5alpha.
Biotinylation of QBP: A 12-fold excess of Sulfo-NHS-LC-LC-Biotin (PIERCE) was added

to a 78 micromolar protein (either QBP or QQ, obtained by incubatingQBP with 26-fold
molar excess of L-glutamine at 30°C for 30 min) solution in PBS. Solutions were kept on ice for
2 h, and dialyzed in PBS (QBP) or PBS plus 2 millimolar L-glutamine (QQ). Biotinylation level
was quantified using the Pierce Biotin Quantitation Kit according to the vendor instructions.
Biotinylation levels varied between 1:1 to 1:2 protein:biotin.
Panning: The amplified phage display librarymixture (190 microL, 2x1012 cfu, obtained as

describedabove) was pre-blocked by adding 10 microliter of WonderBlock (WB: PBS, 0.3% Skim
milk, 0.3% fish gelatin, 0.3% BSA), and incubating at RT for 30 min. 30 microliter streptavidin-
boundmagnetic beads (Invitrogen) were washed four times in 300 microliter PBST, blocked by
incubation inWB for 20 min at RT, washed 3x in PBST and re-suspended in 600 microliter
PBST. 1 microliter of either biotinylated QQ, QBP (prepared as describedabove), or PBS (nega-
tive control) was added to the blocked phage. 200 microliter of phage with biotinylated antigen or
PBS were added to the first row of a 96-well KingFisher plate, whereas three 200 microliter ali-
quots of blocked beads (plus 2 millimolar glutamine for libraries incubatedwith QQ)were added
to the second row. The subsequent 2 rows contained 200 microliter of PBST, the next 3 contained
1X PBS, 0.01% tween-20 (PBSLT) or PBSLT plus 2 millimolar glutamine (for libraries incubated
with QQ), and the last row contained 150 microliter 0.1MHCl. Phage antigen incubation
occurredwith slow mixing and lasted 1 h in the first and second cycle of panning, and 0.5 h in the
third cycle. The sample containing phage, antigen, and beads was incubatedwith slow mixing for
15 min. The washes occurredwith mediummixing speed, and lasted 5, 15 and 30 min in the first,
second and third cycle of panning respectively. Elution occurred at mediummixing speed, and
lasted 3 min, after which 50 microliter of Tris-HCl/HCl 1 M pH 8 was added for neutralization,
and beads were removed. Half (100 microliter) of the eluted phage from each well was stored as
glycerol stock, and the other half was incubatedwith 2 milliliterE. coliOmnimaxM13cp-CT
helper cells (OD600 0.7) for 46 min at 37°C. 10 microliter infected cells were used for phage titra-
tion, while the rest was plated on 2XYT/cam/carb and incubated overnight at 30°C. Infected cells
were scraped the day after in 2 milliliter 2XYT, and partially used to seed 50 milliliter 2XYT/cam/
carb at OD600 0.1. After 2 h incubation at 37°C with shaking (250 rpm), cultures were incubated
overnight at 30°C with shaking. The remainder of the scraped infected cells from each round of
panning was stored as a glycerol stock at -80°C. Amplified phage was purified and concentrated
as describedabove, and used for the next round of selection.
Yeast display sub-librarypreparation. Insert preparation: Phage stored at -80°C after

each selection cycle, or phage used as input in the first panning cycle, was used to infect E. coli
DH5alpha F’ (OD600 = 0.7), by incubation at MOI 2 in 1 milliliter 2XYT, at 37°C for 45 min.
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Infected cells were plated on 2XYT/carb, and incubated at 37°C overnight. Carb-resistant colo-
nies were scraped and mini-prepped the day after. The plasmid preps were used as templates
for the following polymerase chain reactions (PCR). The reactionmixture (330 microliter) con-
tained Thermopol buffer 1x (NEB), 200 micromolar of each dNTP, 0.7 micromolar FW and
REV primers (pDAN5topCON2FW: GGAGGCGGAGGG TCGGCT AGC AGC GGCGCG
CAT GCGGCC and pDAN5topCON2REV: AAT AAG CTTTTGTTCGGA TCCACT TTC
AAC AGT AGC GGC, fromMWG Operon), 50 units/milliliter Taq polymerase (NEB) and 33
nanogram plasmid. Thermocycling conditions were: 95°C 5 min, (95°C 30 sec, 60°C 20 sec,
72°C 45 sec) x 30 cycles, 72°C 7 min. Products of the correct size were gel purified.
Vector preparation: pTCON2 vector was obtained from theWittrup lab [13]. Upon clon-

ing and amplification in DH5alpha F’ followed by mini-prepping, the plasmid was restriction
digested (BamHI, NheII and SalI) and gel purified.
Competent yeast preparation: S. cereviseae EBY100 from a fresh agar plate was grown

overnight in yeast extract peptone dextrose (YPD), at 30°C, with shaking (250 rpm). Cultures
were diluted in pre-warmed fresh YPDmedium to a cell density of 5x106 cells/milliliter
(OD600 0.13) and incubated at 30°C with shaking (250 rpm) until cell density increased by an
order of magnitude (about 7 h). Yeast were harvested by centrifugation (3500 rpm for 5 min),
re�suspendedin half the initial volume of water, and centrifuged again. This step was repeated
once, followed by re-suspension in 1 milliliter Transformation Buffer (Sigma). Competent cells
were stored overnight at 4°C.
Yeast transformation:Competent yeasts were pelleted at max speed in an Eppendorf cen-

trifuge for 15 s, and the supernatant was removed. Salmon spermDNA (Life Technologies),
DNA inserts, cut pTCON2, and plating buffer (Sigma) were added in the order indicated, fol-
lowed by incubation at 30°C for 45 min, heat shock at 42°C for 1h, cell pelleting, removal of
supernatant, and re-suspension in water. Efficiencyof transformation was determined by
counting the number of colonies developed on solid selectivemedium (synthetic dextrose/casa-
mino acid, plus 50 microgram/milliliter kanamycin and 15 microgram/milliliter tetracycline,
or SD/CAA). The size of the libraries was extrapolated from this count. Libraries were ampli-
fied by diluting the transformants in 100 milliliter SD/CAA to OD600 0.4, and incubated at
30°C until appropriate cell density (OD600 5.0) was reached (about 3 days). Library sizes were
1–0.5x107 transformants, with 10–4% background. Amplified libraries were stored as 30%
glycerol stocks, containing approximately 108 total cells.
Selectionand screening of QBP-binding peptides by yeast sorting. Yeast expression:

Frozen library stocks were diluted in 1 milliliter SD/CAA to OD600 0.2, and grown overnight
at 30°C. Overnight cultures were diluted to OD600 0.25 in inductionmedium (synthetic galac-
tose-raffinose/casaminoacid, plus 50 microgram/milliliter kanamycin and 15 microgram/mil-
liliter tetracycline, or SGR/CAA) and grown at 20°C, with shaking (250 rpm), for 20–72 hours.
Yeast sorting: Induced yeast (300 microliter) were split into two wells of an ultrafiltration

plate (Millipore), washed 3x with yeast washing buffer (YWB, 0.5% BSA, 2 millimolar EDTA),
re-suspended in a YWB solution containing 0.5 microgram/millilitermouse anti c-myc pri-
mary antibody (Invitrogen), 100 nanomolar Biotinylated QBP, QQ (plus 1 micromolar gluta-
mine) or lysozyme (negative control), and incubated at RT with shaking (8000 rpm) for 30
min. Cells were washed 3x with YWB (plus 1 μM glutamine for libraries selected on QQ), re-
suspended in a YWB solution containing streptavidin Alexa633 (Molecular Probes) and goat
anti-mouse-PE (Abcam), and incubated at RT for 30 min with shaking. Cells were washed 3x
with YWB and re-suspended in 1 milliliter of YWB, followed by flow cytometry analysis and
sorting (BD-FACSAria). Sorted cells were collected in 100 microliter YPDmedium, amplified
in SD/CAA solid medium, scraped (part of the scrapes were stored as 30% glycerol stocks),
induced (as described above), and subjected to the next round of selection and sorting.
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Single yeast clone binding assay:Approximately 1x103 cells from the glycerol stocks of the
sorted libraries were plated on fresh SD-CAA plates. Well-spaced single clones were picked in
100 microliter SD-CAAmedium, aliquoted in a 96-well round bottom plate (NUNC), and
grown overnight at 30°C. 15 microliter of overnight culture was inoculated into 100 microliter
of SR-CAA (aliquoted in the wells of a 96-well ultrafiltration plate), and incubated at 20°C with
shaking (10000 rpm). The rest of the overnight cultures were stored as 30% glycerol stocks (by
adding 100 microliter 60% glycerol) at -80°C. Induced yeast cultures were treated as described
above for the libraries and analyzed by high throughput flow cytometry (BD LSRII). See an
example of analysis in S2 Fig.
Sequencing: Single clones were analyzed by sequencing (MWG operon) using T7 promoter

and T7 terminator standard primers (for genes in pDAN5).
ScFv library construction, selection, and screening. The primary, secondary, and tertiary

helper phage scFv antibody libraries were constructed as described earlier [11]. The helper
plasmid libraries were similarly constructed; however, phage was produced using helper plas-
mids [7] instead of M13K07 helper phage. Plasmid DNA was made from the primary library
[11] and was transformed into electrocompetent SS320 bacteria containing the M13cp helper
plasmid, followed by phage production. The resulting primary helper plasmid library was
recombined by infecting bacteria expressing cre recombinase [11, 25] containing the M13cp-
CT helper plasmid, followed by helper plasmid phage production. Finally, the tertiary helper
plasmid library was generated by infecting the secondary helper plasmid phage into M13cp-CT
DH5alpha F’ bacteria and subsequent phage production. Three rounds of phage selections
were performed using either the tertiary phage antibody library prepared using either helper
phage (M13K07) or the helper plasmid (M13cp-CT) against a biotinylated lysozyme target.
Dilution plates between rounds were plated, single clones picked, and PCR amplified to deter-
mine the number of full length scFvs (Table A in S1 File). Full length clones from the third
round selection outputs were tested by phage ELISA. ELISA positive clones were BSTN1 fin-
gerprinted to determine the number of unique scFvs (Table B in S1 File). Infection of second-
ary helper plasmid library into m13cp-CTwas plated on either Amp or Amp/Cap plates.
Single colonies were picked, grown for phage production, and PCR amplified to verify full
length scFvs (Table C in S1 File). A series of tertiary libraries was amplified using either helper
plasmids (M13cp-CT) or helper phage (M13K07). Phage production was determined by titra-
tion and single colonies were picked and PCR amplified to verify full length scFvs. The lowest
and highest numbers of phage produced and percent full length scFvs were determined
(Table D in S1 File). Plates were made with ampicillin and decreasing concentrations of chlor-
amphenicol. After infection of a helper plasmid secondary phage antibody library into M13cp-
CT, the infections were plated on each type of plate. Dilution plates were used to determine
infection rates and single colonies were picked and PCR amplified to verify full length scFvs.
The remaining M13cp-CT phage producing bacteria were scraped and phage production was
determined by titration.

Supporting Information
S1 Fig. Helper cells characterizationThe transformation efficiency (colony forming units,
cfu/amount of DNA used for transformation) of helper cells derived from E. coli SS320, Omni-
MAX or DH5alpha F’relative to E. coli SS32 (non helper gold standard) was determined in the
same experiment. All the helper cells derived from E. coli SS320 exhibited higher transforma-
tion efficiencies than the other helper cells. Helper cells and E. coli XL1 Blue (non helper gold
standard) were infected in identical conditions with phage displaying the single chain antibody
fragment scFv D1.3. Infectability was expressed as percentage of transformants relatively to E.
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coli XL1 Blue. As previously discussed,Omnimax-DG3was not infected at all, whereas both
the E. coli SS320-derived helper cells tested were 50% as efficiently infected as E. coli XL1 Blue.
OmniMAX-CPCT, DH5alpha-DG3 and XL1 Blue DG3 were as infectable as E. coli XL1 Blue.
The most highly infectable cell lines were also tested for efficiencyof phage production. Phage
production was tested on a 50 milliliter scale, in identical conditions. Phage released in the
supernatant was titrated, and the total number of phage particles (colony-forming units, pfu)
in 50 milliliter supernatant was calculated. The most efficient phage producers, Omni-
MAX-CPCT and XL1 Blue-DG3, were chosen for generating our secondary libraries (with
intermediate and high display respectively).
(EPS)

S2 Fig. Flow cytometryanalysis of yeast expressing peptide F5. (A) Entire yeast population
detected by forward and side scatter (FSC and SSC respectively). (B) Expressing (main peak)
and non-expressing (minor peak) fractions of yeast population, detectedwith anti-SV5 anti-
body conjugated to phycoerythrin (PE). (C) Yeast binding (main peak) or non-binding (minor
peak) to biotinylated, glutamine-boundPBP, as detectedwith Alexa632-conjugated to streptavi-
din (APC). (D) The expressing and binding yeast population (carryingAPC as well as PE fluo-
rescence) is shown in green.
(TIF)

S1 File. Supplementary tables.Comparison of the percent of full length scFvs during phage
selection against biotinylated lysozyme (Table A). Comparison of the number of full length
scFvs during phage selection against biotinylated lysozyme (Table B). Effect of dual selective
pressure on the amplification of a tertiary helper plasmid scFv library (Table C). Comparison
helper phage scFv library to helper plasmid scFv library (Table D). Effect of chloramphenicol
concentration on: infection titer, phage production, and full length scFvs (Table E). Peptide
libraries characterization based on transformation efficiencyand sequencing (Table F).
(DOCX)
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