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Abstract: Despite the critical importance of molecular specificity in bimolecular systems, in vitro
display technologies have been applied extensively for affinity maturation of peptides and
antibodies without explicitly measuring the specificity of the desired interaction. We devised a
general strategy to measure, screen, and evolve specificity of protein ligand interactions analogous
to widely used affinity maturation strategies. The specificity of binding to target and nontarget
antibodies labeled with spectrally distinct fluorophores was measured simultaneously in protein
mixtures via multiparameter flow cytometry, thereby enabling screening for high target antibody
specificity. Isolated antibody specific ligands exhibited varying specificity, revealing critical amino
acid determinants for target recognition and nontarget avoidance in complex mixtures. Molecular
specificity in the mixture was further enhanced by quantitative directed evolution, yielding a family
of epitopes exhibiting improved specificities equivalent, or superior to, the native peptide antigen
to which the antibody was raised. Specificity screening simultaneously favored affinity, yielding
ligands with three-fold improved affinity relative to the parent epitope. Quantitative specificity
screening will be useful to screen, evolve, and characterize the specificity of protein and peptide

interactions for molecular recognition applications.
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Introduction

Polypeptide display technologies have been applied
extensively for affinity maturation of peptides, anti-
bodies, and other binding proteins, but are rarely
exploited to engineer or evolve binding specificity. The
improvement of ligand-binding affinity using display
technologies is straightforward because the desired
property (affinity) is directly linked to the mode of
separation in affinity-based selection methods. Conse-
quently, affinity maturation efforts using display tech-
nologies have proven enormously successful, generat-
ing antibodies and peptides with dramatically
improved affinities for diagnostic and therapeutic
applications.'™ At the same time, because affinity and
specificity are not generally correlated, high-affinity
protein-binding ligands can be nonspecific.*>
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The purposeful manipulation and design of speci-
ficity has proven challenging. In most cases, libraries
are screened for affinity, and specificity of the identi-
fied ligands is characterized by their extent of binding
to other related or unrelated proteins.>® In other
words, specificity is not typically measured during
selection or screening. Common approaches to favor
specificity to single targets involve selection in the
presence of serum albumin (e.g., BSA) or blocking
agents such as serum and milk.”® However, these
approaches do not enable measurement of specificity
during screening, and can yield ligands whose binding
is unpredictably modulated by the blocking agent.
Alternatively, the coupling of cell surface display sys-
tems with fluorescence-activated cell sorting (FACS)
for quantitative library screening,“°'° provides an
opportunity to screen for desired binding specificity.
For example, yeast display has been applied to evolve
a single-chain antibody to achieve desired crossreactiv-
ity with two botulinum neurotoxin subtypes." Method-
ologies to measure, screen for, and evolve binding
specificity would be valuable to engineer polypeptide
therapeutics and diagnostics that function more effec-
tively in complex protein mixtures suited to their
application, or enable recognition of two or more
specified targets, while avoiding interactions with
specified nontarget proteins.

Diagnostic reagents, including antibodies and pep-
tides, typically require exceptional target specificity to
function in biological fluids. In particular, peptides
recognizing disease-associated serum antibodies'*'3
hold potential for diagnostic development. Peptide dis-
play libraries have been used to identify epitopes rec-
ognized by serum antibodies from patients with Lyme
disease,”* multiple sclerosis,’®*® and ovarian,*3
breast,'” and prostate cancers.’>'® Such peptides must
discriminate individual antibody species from a vast
array of specificities present within the circulating rep-
ertoire. The specificity of identified ligands for the tar-
get disease antibodies ultimately determines their
diagnostic utility. Consequently, general methods to
evolve both affinity and specificity in the context of
complex protein mixtures could be useful in creating
more effective reagents for biomarker detection. Here,
we present a general strategy to measure, screen for,
and evolve ligand specificity in a complex mixture
using bacterial display peptide libraries wherein the
specificity of antibody binding is quantitatively meas-
ured via FACS. The ability to measure specificity
enabled directed evolution to further enhance binding
specificity of the identified antibody ligands.

Results

Subtractive screening for target-specific
peptide mimotopes in serum IgG mixtures

In an effort to enhance the quality of affinity reagents
obtained from serum antibody fingerprinting and bio-

Hall and Daugherty

marker discovery efforts, we sought to develop a gen-
eral methodology to identify and then optimize peptide
ligands with both high specificity and affinity for dis-
ease-specific antibodies amongst a background of
unrelated serum antibodies. To accomplish this, a
quantitative screen for highly specific target protein
binding was developed using bacterial surface display
libraries and FACS (see Fig. 1). Two distinct pools of
IgG were prepared to simulate IgG samples isolated
from the serum of patients with a known disease and
appropriate control subjects for the purpose of serum
antibody profiling. Specifically, a model serum anti-
body biomarker, anti-T7etag IgG (1 nM), was spiked
into an excess of pooled serum IgG (1 uM), thus mim-
icking a disease-associated IgG sample (disease IgG).
Pooled IgG without the anti-T7etag antibody com-
prised the simulated “control IgG.” Disease IgG and
control IgG were labeled with red and green fluoro-
phores, respectively (see Fig. 1). Antibodies that recog-
nize native E. coli antigens were present in pooled
human IgG but easily removed by a short incubation
with E. coli that did not display peptides (see Fig. 1).

In an effort to identify mimotopes that could spe-
cifically recognize only those antibody specificities
unique to the disease IgG pool (i.e., the anti-T7etag
antibody), a bacterial display library comprised of ran-
dom 15 amino acid insertions into an extracellular loop
of outer membrane protein X (OmpX) was screened
using FACS.?° The library was labeled simultaneously
with the control and disease IgG mixtures, where the
control IgG was present in a 10-fold excess to differen-
tiate mimotopes binding to IgG shared among both
pools. After labeling, roughly 0.3% of the library exhib-
ited antibody binding, with varying degrees of specific-
ities as assessed by the intensities of red and green fluo-
rescence. The library was fractionated into three initial
populations exhibiting differing ratios of red:green flu-
orescence. The majority of library members exhibiting
binding fell into one of two categories; binding to both
disease and control IgG (i.e., red*green™) or specific
binding to disease IgG (red " "green™) [Fig. 2(A)].

Sublibrary pools obtained from sorting the initial
population were further sorted into populations with
distinct specificity profiles as measured by flow cytom-
etry. Individual isolated clones from these subpopula-
tions also exhibited specificity measurements reflecting
those of their parent populations [Fig. 3(A)]. Peptide
sequences displayed by specific clones isolated from
the red*"green” and red*"green”~ included MX,QQ
and MX,;QQ motifs present in the wild-type Tyetag
(MASMTGGQQMG) and related variants known to
bind the anti-T7etag (Supporting Information Table
2).3%° In contrast, peptides identified from the non-
specific population (i.e., red"green™) exhibited a weak
consensus unrelated to the wild-type Tyetag. Thus,
two-color subtractive screening yielded ligands binding
specifically to the target IgG in a 1000-fold back-
ground of unrelated IgG.
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Figure 1. Quantitative specificity screening methodology.
Two pools of serum IgG are labeled such that the disease
IgG are red fluorescent and the control IgG are green
fluorescent. Both pools are incubated separately with
nonlibrary displaying bacteria to remove any IgG specific
for bacteria (1). The two pools of IgG are then incubated
simultaneously with the display library, with the control IgG
added in excess (x10-100) of the disease IgG (2). Unbound
IgG is removed by washing and cells are then sorted based
on the levels of green and red fluorescence exhibited for
the desired specificity for the disease IgG (3). Cells with
high red and low green fluorescence are specific for the
disease IgG. Collected cells are amplified and sorting is
repeated for enrichment (4). After the final round of sorting,
the specificity of clones is analyzed and their respective
peptide sequences are determined and used to create
focused libraries to further evolve their specificity (5).

Sorting for improved specificity for the

target antibody

To identify peptide ligands with improved specificity
for the target antibody, two additional rounds of sort-
ing were performed with enriched library pools from

the red""green and red™"green™ populations
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wherein the control IgG concentration (100 pM) was
100-fold higher than that of the disease IgG (1 uM)
[Fig. 2(C)]. Individual clones were isolated and their
apparent specificities were quantitatively ranked using
the ratio of red- to green-fluorescence, or specificity
ratio [Fig. 3(B)]. Specificity ratios exhibited by anti-
body ligands ranged from 5 to 74, when that of the
wild-type T7etag was normalized to a ratio of 100. All
binders from the random library exhibited an apparent
specificity less than that of the peptide to which the
antibody was raised [Fig. 3(B)].

Directed evolution of the peptide mimotope
specificity

Since it is unlikely that mimotopes identified from
random peptide libraries will have optimal affinity and
specificity for antibody biomarker detection, we antici-
pated that mutagenesis and screening would enable
directed evolution of mimotope specificity, to enhance
diagnostic utility. Toward this end, two focused libra-
ries were designed based on two consensus motifs
among clones having a red:green ratio greater than 35
(MGXQQ, CQ/y™/LC) (Table 1), yielding libraries of
the form X;MGXQQX; (linear) and X,CQ%/p™/1.CXs
(constrained). To enable screening for both high affin-
ity and specificity, focused libraries were constructed
as N-terminal fusions using the eCPX display scaf-
fold.** Each library was screened for improved speci-
ficity with the control IgG present at a 100-fold higher
concentration than the disease IgG. Even in the pres-
ence of the higher concentration of control 1gG, 3% of
the linear library members and 1% of the constrained
library members exhibited antibody binding, a 3 to 10-
fold increase relative to the random library. Thus, as
expected, the focused second-generation libraries

Green Fluorescence (AU)
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Figure 2. Enrichment of bacteria displaying peptides with
varying specificity for the target antibody. Cells from the
unsorted (A), cycle 1 sort (gate red* "green™) (B), and cycle
4 sort (gate red*"green™ ") (C) populations of the random
library. Cells from the unsorted (D) and round 4 sort for
specificity (gate red” "green™ ") (E) and crossreactivity (gate
red green™ ™) (F) of the linear library. Cells were incubated
with 1 uM disease IgG and either x10 (A, B, D) or x100
(G, E, F) control IgG.
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contained a higher frequency of highly target specific
binding peptides.

Individual clones isolated from the focused libra-
ries exhibited substantially higher specificities than did
clones isolated from the random library [Fig. 3(B), Ta-
ble I]. Clones from the focused libraries exhibited
reduced crossreactivity and increased specificity for
the anti-T7etag IgG [Fig. 3(B)], when compared with
peptides isolated from the random library using flow
cytometry. The specificity ratios of several clones from
the focused libraries were equivalent to or exceeded
that of the wild-type T7etag used to raise this mono-
clonal antibody (Table I). The improvements in the
specificities of clones from both focused libraries were
significantly higher (P < 0.0001) than those of the
most specific clones from the random library [Fig.
3(C)]. Of course, we cannot rule out the possibility
that a reduced specificity ratio could be observed in
the context of a new set of normal donor IgG. For
comparison, the focused libraries were also screened
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for nonspecific or crossreactive binders to the control
IgG [Fig. 2(F)], and clones from the crossreactive pop-
ulations exhibited specificity ratios between 1 and 12,
indicating significantly lower specificities for the dis-
ease IgG relative to random library clones (P <
0.0001) and specific clones from the focused libraries
(P < 0.0001) [Fig. 3(C)].

Since improvements in apparent specificity could
be due to either reduced affinities to nontarget anti-
bodies, or increased affinity for the target antibody the
dissociation constants of representative first and sec-
ond-generation epitopes were measured using surface
plasmon resononance. Interestingly, the highly specific
epitope identified by directed evolution (GSEGL
MGPQQKWVGGKK) exhibited roughly two-fold higher
affinity (Kp = 1.7 (20.3) x 10”7 M) than the wild-type
Tyetag (Kp = 2.8 (£0.5) x 1077 M), and more than
three-fold improved affinity relative to the first genera-
tion epitope RCRGMMGPQQSTRDTKK (Kp = 5.3
(£0.2) x 1077 M). These results suggest that the
higher specificity of this peptide was in part achieved
by improved affinity for the target antibody without
concomitant increases in affinity for nontarget anti-
bodies. Experiments to assess binding affinity to the
pooled IgG were also performed. However, affinity
could not be determined because of high background
signals obtained from nonspecific binding of IgG in

Figure 3. Quantitative specificity measurements of clones
obtained using flow cytometry. (A) Quantitative
measurements of clonal red and green fluorescence after
labeling with 10 uM control and 1 pM disease IgG isolated
from red—green™ (x), redtgreen® (+), red” "green™ (open
diamonds), and red* "green”~ (open squares) gates after
three rounds of sorting from the random library. A clone
overexpressing the cell surface display scaffold (without an
insert) was used as a negative control (red circle). Error
bars represent the standard deviation about the mean of at
least three experiments. (B) The red and green fluorescence
of clones isolated after four and five rounds of sorting from
the random library in the red™"green™~ gate (open squares)
and after three and four rounds of sorting from the linear
(open triangles) and constrained libraries (open circles) after
incubation with 100 pM control IgG and 1 pM disease IgG.
A clone overexpressing the library scaffold with no peptide
insert was used as a negative control (orange diamond).
Error bars representing the standard deviation of at least
three experiments were omitted for clarity from panel B. All
values in (A) and (B) were normalized to the fluorescence of
cells displaying the wt T7 tag (red square). (C) The
specificity ratios of clones sorted from the random library
using the red " green ~ gate (random) are plotted along
with the ratios of clones isolated by screening for
crossreactivity (focused crossreactive) and specificity
(focused) from both the linear and constrained libraries.
Lines show the mean value in each group. *Indicates a
statistical difference from the random and focused groups
(P < 0.0001). **Indicates a statistical difference from the
random and focused crossreactive groups (P < 0.0001).
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Table I. Peptide Sequences and Specificity Ratios of
Clones Isolated from Random and Designed Libraries

Specificity Ratio

Clone Sequence (Normalized)
WT MASMTGGQQMG 100 + 2
Random Library
29 LMLIACQOMCKNTGI 75 £ 15
28 RDVLAMTPLOMTYMW 67
27 RCRGMMGPQQSTRDT 50 £ 3
23 DVYTSMGPGMQWRPN 49 + 16
34 SKNTFSRCQMLCLPT 48
33 THIQAMGVNRNWGST 44
26 AGCMGPLQYQLRPSE 41+ 5
22 LSGGPLGMQQGFCRG 41
32 YDRLMGVLQSRSGYK 38
25 EKPMAAQOMRRRVNTI 37
19 YVLVKRMGPQOWNSA 36
30 RNSTPMGFQQERIRK 35
Linear Library
M3s.7 GSEGLMGPQOQKWVGG 105 + 3
Ms3.10 CSEGPMGPOQQVSCW 99 + 5
Ms3.8 GQVAVMGPOOHVLGV 97+ 3
M4.2 (3)? CGSVAMGPQQLCKVR 95 + 5
M4.6 GYAVSMGPOQOLGRGE 93 £ 3
M3s.2 VKAGAMGPQQTMRVE 85 +1
M4.8 MMCTAMGVQOLSFVC 85+ 7
M4.3 (3) EAMGMMGYQQAALNG 84 2
M3.6 TPRGPMGPQOORVDNA 82 + 3
M3.3 NLGPMGVQOHEMWS 82+ 2
M3.1 GYNGIMGPQQERTRV 80 + 4
M4B.25 (2)° PLFYGMGVQQEGGNA 10 + 0
M4B.1 (5)° MEVPYMGYQQAELTR 4+o0
M4B.2 (4)° ESRPYMGYQQQLGNN 3+0
M4B.14 (3)°  LGAPYMGWQOWGSSG 3+0
M4B.4 (3)° VNVPYMGYQQPELTL 1+o0
Constrained Library
C3.6 DGPMSCOMMCGPSGK 99 + 25
C4.6 EGGYACQOMCLWERK 93 + 2
C3.9 SEPLGCQOLCGGRSM 93 + 6
C4.20 VDWMGCOOLCLLNSD 92 + 5
C4.13 QGMGVCOOLCLSLDK 92 + 3
C3.2 HEAMGCOMMCE SGRR 91+ 8
Cq4.7 MGAMGCQOMCLREEL 90 t1
C4.15 WAGMS COOMCVAGPN 90 +1
C3.8 DGWLSCQOMCVWKAT 87 +£6
Cq.2 DMPMGCOOLCLAPGR 86 +7
C3.3 LSGMGCQOLCYMVGP 86 + 12
C3.4 DSLESCQQLCILESL 84
Cq.11 AKSMGCQOMCLKRAD 81+ 3
C4B.42(6)P AVAPRCQMVCLAHWG 5+ 0
C4B.47 (2)° LMPGWCOMLCAMEAW 240
C4B.44 (4)° WWNFGCQLMCWAEGA 240

Error is reported as the s.d. of three experiments. Similarities
and identities among sequences are highlighted.

@ Number of clones with identical sequences.

b Clones sorted for crossreactivity with the control IgG.

the reference flow cell which exceeded the signals
obtained in the flow cells with immobilized peptides.
Highly specific peptides obtained by directed evo-
lution exhibited a preference for proline in the eighth
position and for glycine in the fourth position
(xxxGxMGPQQxxxxx). In contrast, low-specificity
ligands from the same library yielded highly crossreac-
tive clones with a distinct consensus of xxxPYM-
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GYQQxxxxx, and none exhibited proline at the eighth
position. Similarly, specific sequences from a disulfide-
constrained library exhibited a preference for gluta-
mine over methionine in the eighth position while
crossreactive sequences preferred methionine or lysine.
These results demonstrate that key determinants of
specificity can be identified by analysis of a panel of
specificity-evolved ligands.

Discussion

The function of engineered proteins, including pep-
tides and antibodies, in practical applications is crit-
ically dependent on their target recognition specificity.
Even so, experimental methods to measure and
manipulate specificity in complex mixtures are seldom
used in practice. The term “specificity” is frequently
used to describe qualitatively the molecular selectivity
or discrimination capabilities in protein interactions
and is a complex function of contact area/pair-wise
interactions, amino acid content, surface topology,
backbone and side chain mobility, concentration, and
other parameters.®® Consequently, specificity is not
generally defined explicitly. However, specificity is
potentially quantifiable. For instance, consider species
X; binding to X; to form a complex X;X; in a mixture
of n noncovalently interacting species at equilibrium,

Ky
X+ X, S XX,
Ki2
X+ X, S XX, where, K] = [g(f;]]
il

Ky
X; + X, S XX,

Here, a systemic, or extrinsic specificity for inter-
action i,j ®;; can be defined as a concentration depend-
ent variable,

. X))
X:X; Kj[X; K
(DU = n[ — T n A[_ ]] = DX (1)
YIXXd LK) Y2
k=1 k=1 k=1"7D

where K¥ and K§ are the equilibrium association and
dissociation constants respectively for the i,j complex
[X:X;]. As defined, ®;; ranges from zero, when i and j do
not interact, to infinity for a hypothetical infinitely spe-
cific complex between X; and X;. However, while K is
typically measured in vitro using purified proteins, sel-
dom are the complete set of K§ and [X;] values (the de-
nominator) known. For this reason, the “specificity” of a
given interaction is usually investigated by determining
the extent of binding between species i and a small, ar-
bitrary subset of all possible n proteins present in the
sample.”®** Here, multiparameter flow cytometry
instrumentation was used to quantify the magnitude of
the numerator and the aggregate denominator of Eq.
(1), thus enabling specificity-based library screening,
directed evolution, and clone characterization.

Quantitative Specificity Screening



Although molecular specificity has been enhanced
by affinity maturation strategies, it is clear from 1 that
affinity and specificity need not be correlated. Indeed,
experimental studies have demonstrated that high-
affinity ligands can be nonspecific. GTP-binding
aptamers with affinities ranging from 9 nM to 8 uM
were identified, and their specificity was measured by
measuring affinities toward a set of related GTP ana-
logs. High-affinity aptamers were not more specific for
GTP. The authors concluded that high specificity arises
only when direct selection pressure for specificity is
applied.?® Quantitative affinity measurements of a
panel of small molecule kinase antagonists for a subset
of the kinome further demonstrate that high-affinity
antagonists can be nonspecific leading to unacceptable
side-effect profiles."® Even high-affinity antibody frag-
ments selected from phage display libraries can be
nonspecific.2® These studies suggest that when speci-
ficity constraints are important for the intended appli-
cation, specificity should be considered explicitly in
library screening and directed evolution processes.

Affinity maturation using in vitro display technolo-
gies is generally accomplished by randomization and
affinity-based selection with limiting concentrations of
antigen or screening after a prolonged dissociation
phase." 8 Our results and consideration of Eq. (1) sug-
gest an alternative approach to simultaneously optimize
affinity and specificity, wherein measurements of non-
target protein binding to competing interaction part-
ners enables quantitative screening for optimal affinity
and specificity. By increasing the concentrations of
nontarget interaction partners in the system, one can
increase the magnitude of the denominator of 1,
thereby requiring increased target binding to maintain
or improve the value of the specificity parameter ®@;;.
Interestingly, screening for protein binding peptides
within the bacterial cytoplasm (where nontarget protein
concentrations are very high) only yielded peptide
ligands with Ky, values <1 pM,?” despite the fact that
ligands with Kps greater than 10 uM also should have
been recovered since intracellular receptor/ligand con-
centrations were greater than 100 pM. This unexpected
result can be understood considering 1, since high tar-
get affinity could overcome the presence of high non-
target protein concentrations (e.g., in E. coli) approach-
ing 1 mM to maintain a high specificity value @;;.

Previous efforts to evolve the specificity of protein
ligand interactions have relied on sequential positive
and negative affinity selections of protein display libra-
ries. Consequently, the desired specificity characteris-
tics of library members are not measured during the
screening process. For example, phage and mRNA dis-
play approaches have used sequential selection, rather
than quantitative measurements, to favor specificity
between a small set of related targets. mRNA display
has been applied to identify peptides exhibiting a
roughly 100-fold selectivity for G-protein subunits
Guail and Gos(s), by first depleting the library with a
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column matrix of immobilized nontarget, and then
performing mRNA library panning with a molar excess
of the target Ga as a competitor.2® Similarly, anticorti-
sol antibodies with improved fine specificity were
identified previously by combining computational pre-
diction of optimal substitution sites and a phage dis-
play selection in the presence of an excess of steroid
anologs prednisolone and dexamethasone.?® Neverthe-
less, these strategies do not enable measurement of
interactions with nontargets during screening thereby
rendering identification of selection conditions that
maximize specificity difficult. For instance, one cannot
readily determine whether all library members capable
of interacting with the target have been depleted from
the library population.

In this study, we simulated a serum antibody sam-
ple from a subject with disease by spiking an IgG
(1 nM) of known affinity and specificity into pooled
control IgG (1 pM), such that target “biomarker” repre-
sents 0.1% of the circulating antibody repertoire. These
concentrations were chosen to mimic a 10-fold dilu-
tion of serum antibodies, while enabling counter
screening with a 10- to 100-fold excess of control anti-
body, and are comparable with those in previous anti-
body fingerprinting studies.’®3° Initially, competing
control Ig was used in a 10-fold excess to favor a high
level of clone recovery, and then in 100-fold excess in
later rounds to ensure disease specificity. We have nei-
ther determined the minimum target antibody concen-
tration nor apparent antibody affinity necessary for
mimotope identification. In our experience, antibody
specific, peptide-displaying bacterial clones frequently
exhibit high apparent affinity that can be attributed to
bivalent binding to adjacent epitopes on the cell sur-
face. The high apparent affinities afforded by multiva-
lent display systems should be useful for identifying
binders to low abundance serum biomarkers. Finally,
the specificity-based screening approach presented
here would, in principle, enable screening for absent
biomarkers, present in control sera but not in disease
sera.

Specificity-based screening of bacterial or yeast
cell display libraries via cytometry is anticipated to
enable engineering of proteins with novel specificity
properties including broadened or multispecificity—the
ability of one ligand to specifically recognize two or
more distinct targets. Phage display has been applied
to evolve the anti-HER-2 therapeutic Traztuzumab to
exhibit dual specificity for HER-2 and VEGF, which
resulted in increased efficacy in animal tumor mod-
els.3' Specificity screening using FACS may be espe-
cially useful for engineering antibody and nonantibody
protein therapeutics with desired multispecificity and/
or reduced off-target binding. Using FACS, multispeci-
ficity could be achieved by screening with two target
ligands, and all relevant nontargets labeled with three
spectrally distinct fluorophores. Phage display has also
been applied to identify antibodies that crossreact with
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human and murine homologs of BAFF-R to facilitate
rapid transitioning from preclinical to clinical stud-
ies,3* and to broaden the specificity of an antisulfona-
mide antibody for antibiotic detection. Similarly, yeast
display enabled evolution of scFv antibodies that
crossreact with distinct subtypes of Botulinum neuro-
toxin," though interactions with relevant background
nontargets were not quantified. The present approach
to evolve specificity of protein and peptide interactions
analogous to affinity maturation approaches will ena-
ble the development of proteins and peptides with
improved specificity characteristics for a variety of mo-
lecular recognition applications.

Materials and Methods

Reagents and strains

All experiments were performed with E. coli strain
MC1061 (F-araD139 A(ara-leu)7696 galE15 galK16
A(lac)X74 rpsL. (StrR) hsdR2 (rK— mK+) mcrA
merB1).33 A bacterial display library comprised of ran-
dom 15-mer insertions in extracellular loop 2 of outer
membrane protein X (OmpX)3* was used in the initial
screens to identify peptide epitopes for the target anti-
body. Bacterial cultures were grown at 37°C with vig-
orous shaking in LB media supplemented with chlor-
amphenicol (34 pg/mL) for expansion and additionally
supplemented with arabinose (0.2% for random library
and 0.04% for the focused libraries) to induce peptide
display. Reagents were supplied as follows: Primers
and oligonucleotides (Operon Biotechnologies), restric-
tion enzymes (New England Biolabs), streptavidin-R-
phycoerythrin conjugate (SA-PE) (Invitrogen), anti-bi-
otin mAb R-phycoerythrin (Miltenyi Biotec), biotinyl-
ated anti-T7etag mAb (Novagen), and human serum
IgG (Sigma). Biotinylation of IgG was carried out
using the FluoReporter® mini-biotin-XX protein label-
ing kit (Invitrogen), and IgG was also labeled with
Alexa Fluor® 488 carboxylic acid (Invitrogen) accord-
ing to the manufacturer’s instructions.

Library construction

The focused libraries were constructed to be displayed
at the N-terminus of a variant of circularly permuted
OmpX (eCPX).'* Oligonucleotide primers 1 and 3
(Supporting Information Table 2) were used in a PCR
with plasmid pB33 eCPX*' as the template to con-
struct the library with the form X_MGXQQX;, where X
is any amino acid. PCR products were digested with
Sfil and subsequently ligated into similarly digested
(HincII/Sfil) pB33eCPX. Ligated DNA was trans-
formed into strain MC1061 by electroporation and
resulted in 1.2 x 10%® CFU. The focused library with
the form X,CQY/o™/L.CX, was constructed similarly
using primers 2 and 3 and resulted in 3.3 x 10® CFU.
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Depletion of E. coli specific IgG

before screening

An overnight culture of cells overexpressing the library
scaffold (either OmpX or eCPX) without a displayed
peptide were diluted (1:50) in fresh media and grown
until the optical density at 600 nm (ODgo,) Wwas
between 0.5 and 0.7 (1.5—2 hr). Cells were induced for
30 min to 1 hr at 37°C. The ODg,, of the culture was
measured and an appropriate volume of cells were
centrifuged at 3000 rcf for 5 min. Cells were resus-
pended in either disease or control IgG at a concentra-
tion of 10° cells/mL. Samples were incubated at room
temperature on a LabQuake rotary shaker for 1.5 to
2 hr. Samples were then centrifuged at 3000 rcf for
5 min using a swinging bucket rotor. The IgG in the
supernatant was recovered, filtered using a syringe fit-
ted with a 0.22 pM filter, and aliquots of each sample
were stored at —20°C.

Library screening and clonal analysis using

flow cytometry

For screening and analysis, overnight cultures were
diluted (1:50) in fresh media and grown until the
ODgo, was between 0.5 and 0.7 (1.5—2 hr). Cells from
the random library were induced for 30 min and cells
from the focused library were induced for 1 hr. A vol-
ume of culture corresponding to the desired number
of cells (5 x 10° cells for the first round of sorting or
for subsequent rounds, a 5-fold oversampling of the
number of cells retained from the previous round) was
washed once or twice in 1 mL total volume PBS by
centrifugation at 3000 rcf for 5 min. The final cell pel-
let was resuspended in PBS and then added to a mix-
ture of either 10 pM control IgG and 1 pM disease IgG
or 100 pM control IgG and 1 uM disease IgG. Samples
were incubated for 30 min at 37°C on a LabQuake ro-
tary shaker. Samples were washed two times in 1 mL
ice-cold PBS by centrifugation at 4°C and then labeled
with 5-30 nM SA-PE or anti-biotin R-phycoerythrin
conjugate on ice for 45 min. Cells were washed in
1 mL ice-cold PBS by centrifugation at 4°C, resus-
pended in ice-cold PBS to a concentration between 107
and 10® cells/mL, and analyzed or sorted on a FAC-
SAria™ cell sorter (Becton Dickinson). Sorted cells
were amplified by overnight growth and plated directly
on agar for isolation of single clones.

Peptide affinity measurement using surface
plasmon resonance

Mass spectrometry was performed on the synthetic
peptides used in the binding experiments by the manu-
facturer. Binding experiments were performed at 25°C
using a Biacore 3000 instrument equipped with
research-grade CM5 sensor chips (GE Healthcare). Syn-
thetic peptides pepT7 (MASMTGGQQMGKK), pep27
(RCRGMMGPQQSTRDTKK), and pepM3.7 (GSEGL
MGPQQKWVGGKK) were diluted in 10 mM acetate,
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pH 5.0 and coupled to the surface of individual flow
cells on the sensor chip with amine-coupling reagents
(EDC, NHS; and sodium ethanolamine HCI, pH 8.5)
(GE Healthcare) using the immobilization application
wizard in the Biacore 3000 control software. This
resulted in an immobilization of 36 RUs for pepTy, 196
RUs for pep27, and 190 RUs for pepM3.7. An addi-
tional flow cell on the chip was activated and capped
without any peptide coupled to the surface and used as
a reference for all binding experiments.

HBS-EP (0.01M HEPES pH 7.4, 0.15M NaCl,
3 mM EDTA, 0.005% v/v surfactant P2, GE Health-
care) was the running buffer for all experiments. The
anti-Tyetag antibody was diluted in the running buffer
and concentrations ranging from 1 nM to 1 pM were
injected in the order of increasing concentration over
the sensor chip at 30 uL/min. Association and dissoci-
ation of the antibody were both monitored for 5 min.
A regeneration step consisting of a 5 s injection of
10 mM glycine-HCl, pH 1.5 (GE Healthcare) was per-
formed after each dissociation period. Kinetic data was
analyzed using the bivalent analyte model in the BIAe-
valuation software.
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