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ABSTRACT
Monoclonal antibodies developed for therapeutic or diagnostic purposes need to demonstrate highly
defined binding specificity profiles. Engineering of an antibody to enhance or reduce binding to related
antigens is often needed to achieve the desired biologic activity without safety concern. Here, we describe
a deep sequencing-aided engineering strategy to fine-tune the specificity of an angiopoietin-2 (Ang2)/
vascular endothelial growth factor (VEGF) dual action Fab, 5A12.1 for the treatment of age-related macular
degeneration. This antibody utilizes overlapping complementarity-determining region (CDR) sites for dual
Ang2/VEGF interaction with KD in the sub-nanomolar range. However, it also exhibits significant (KD of 4
nM) binding to angiopoietin-1, which has high sequence identity with Ang2. We generated a large phage-
displayed library of 5A12.1 Fab variants with all possible single mutations in the 6 CDRs. By tracking the
change of prevalence of each mutation during various selection conditions, we identified 35 mutations
predicted to decrease the affinity for Ang1 while maintaining the affinity for Ang2 and VEGF. We
confirmed the specificity profiles for 25 of these single mutations as Fab protein. Structural analysis
showed that some of the Fab mutations cluster near a potential Ang1/2 epitope residue that differs in the
2 proteins, while others are up to 15 A

�
away from the antigen-binding site and likely influence the binding

interaction remotely. The approach presented here provides a robust and efficient method for specificity
engineering that does not require prior knowledge of the antigen antibody interaction and can be broadly
applied to antibody specificity engineering projects.

Abbreviations: Ang1, Angiopoietin-1; Ang2, Angiopoietin-2; VEGF, vascular endothelial growth factor; ER, enrich-
ment ratio; DAF, dual action Fab; HC, heavy chain; LC, light chain; CDR, complementary-determining region; PDB,
protein databank
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Introduction

A classical paradigm of immunology states that monoclonal
antibodies are monospecific and typically recognize a single
antigen exclusively (reviewed by Eisen and Chakraborty1).
However, as recognized over 40 years ago, certain antibodies
do exhibit binding activity to more than one antigen (multi-
specificity).2 One reason for multi-specificity is that the same
or a very similar epitope is present on more than one antigen.
Typical examples include species cross-reactive antibodies that
recognize orthologous proteins in different species3,4 or anti-
bodies that interact with different members of a conserved pro-
tein family.5-7 Another underlying mechanism in multi-
specificity lies in the plasticity of the antigen binding site of
some antibodies, which allows for the recognition of structur-
ally unrelated epitopes by the same antigen binding site.8

Specificity engineering is often required during the devel-
opment of monoclonal antibodies for diagnostic or thera-
peutic use, and has been applied to add on or improve the
recognition of related epitopes, for example, by increasing

cross- species specificity,9 targeting multiple toxin serotypes
using one antibody,10,11 or extending the binding against
related haptens12,13 or various members of a protein fam-
ily.14,15 Specificity engineering has also been used to shave
off binding function, for example, to abolish or reduce
binding to a closely related antigen,16-18 and can be criti-
cally important for reducing the potential of off-target tox-
icity.19 As a more extreme example of specificity
engineering, we previously reported a step-wise engineering
strategy for generating dual-specific antibodies de novo,
called Two-in-One Antibody with dual action Fab (DAF),
which are capable of recognizing two structurally unrelated
antigens using a highly overlapping antigen binding site.
The first proof-of-concept DAF binds vascular endothelial
growth factor (VEGF) and human epithelial growth factor
receptor (HER)2.20 One of the Two-in-One antibodies sub-
sequently generated, duligotuzumab (MEHD7945A), which
targets EGFR and HER3, has advanced into clinical Phase 2
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studies, demonstrating the therapeutic utility of this engi-
neering strategy.20-22

To tune the specificity of antibodies, various engineering
approaches have been used, and they commonly involve the
use of phage or yeast display together with various types of
combinatorial library design strategies, such as computational
based design,9 structural guided design,17 random mutagenesis
(e.g., error-prone PCR)11-14,18 or a combination thereof.15,19

Recently, a new approach called deep mutational scanning,
which adds deep sequencing (or NextGen Sequencing) to the
combination of single- or multiple-site saturated mutagenesis
libraries and a selection by a display system, has enabled large-
scale assessment of the effects of mutations on the functional
fitness of a protein, e.g., ligand binding function.23 Mutations
that are enriched may have positive effects on the protein fit-
ness, while mutations that are depleted likely have negative
effects on the fitness. Deep mutational scanning has primarily
been used to identify mutations that improve the antigen bind-
ing affinity of antibodies.24-27 However, one can argue that in
typical engineering where finding affinity optimizing mutation
is the aim, deep sequencing is not necessarily required because
highly enriched mutations can be found without sequencing a
large number of clones. Here, we describe an application of the
deep mutational scanning in antibody specificity engineering
where accurate depletion information only possible with deep
sequencing is a necessity.

Using deep mutational scanning, we previously reported the
affinity maturation of an angiopoietin-2 (Ang2)/VEGF DAF,
5A12, resulting in DAF variants with sub-nanomolar affinity
against the two angiogenic growth factors,28 which represent
the highest dual affinity DAFs reported to date. One of the
affinity-matured DAFs, 5A12.1, unintentionally obtained
nano-molar affinity against Ang1 during the affinity matura-
tion process. Ang1, which is highly homologous to Ang2,
belongs to the angiopoietin family (Ang1, Ang2, Ang3 and
Ang4), and all four proteins are ligands of the tyrosine kinase
receptor Tie-2.29 While Ang2 is believed to be an antagonist
against Ang1 in activating Tie-2 signaling for vascular stabiliza-
tion, both Ang1 and Ang2 are thought to be agonist for Tie-2
signaling important for lymphatic stability. Blocking Ang2

together with VEGF is aimed for a condition called wet age-
related macular degeneration, where uncontrolled vascular
growth and leakage play a role in the pathogenesis.30 Ang1
cross reactivity therefore may increase the safety risk of an
Ang2/VEGF blocking antibody like 5A12.1.31 To remove Ang1
binding of 5A12.1, without affecting the Ang2 and VEGF bind-
ing function, we turned again to deep mutational scanning.
From the mutational libraries panned against all three targets,
Ang1, Ang2 and VEGF in parallel, we identified the mutations
that are depleted from Ang1 panning but enriched or not
depleted from VEGF and Ang2 panning. We then confirmed
some of the top mutations by binding studies of the Fab var-
iants and examined the mechanism of the mutation by map-
ping these mutations on the structure and structural model of
Fab-Ang2/1 complex.

Results

5A12.1Ang1 binding and phage panning

5A12.1 has a KD for VEGF and Ang2 of 0.2 and 0.7 nM, respec-
tively, which is greatly improved over the parental DAF 5A12
(KD for VEGF: 5 nM, KD for Ang2: 5 nM) (Table 2).28 How-
ever, further characterization of the antibody revealed that
while 5A12 had no detectable binding to the angiopoietin fam-
ily member Ang1 (Biacore data not shown), the affinity
maturation process led inadvertently to recruiting significant
Ang1 binding. The overall degree of sequence identity between
Ang1 and Ang2 is 60% (comparing 495 amino acids). However,
the epitope of 5A12 on Ang2 resides in a domain of greater
homology between Ang1 and Ang2, and there are only five sub-
stitutions in the 16 residues that make up the structural epitope
(69% identical residues between Ang1 and Ang2) (Fig. 1A).

We first tested the feasibility of 5A12.1 panning against
Ang1. 5A12 and 5A12.1 Fab were displayed on phage as
described.32 A phage binding titration ELISA was performed
against Ang1 (Fig. 1B), which demonstrated Ang1 binding of
the displayed 5A12.1 Fab should be sufficient to perform phage
panning. To identify the effects of all possible single CDR
mutations on all three antigens, we decided to utilize a deep

Figure 1. (A) Structural epitope of 5A12 on Ang2 as observed in 5A12:Ang2 crystal structure (PDB 4ZFG) is mapped onto the surface of Ang2. Epitope positions (< 5A
�

from 5A12) that are conserved between Ang1 and Ang2 are colored in black, while positions that differ between the two proteins are labeled red. (B) Phage titration
ELISA to measure the binding of phage displaying either the parental Ang2/VEGF DAF 5A12 (gray) or the affinity maturated version 5A12.1 (orange) to Ang1.
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mutational approach. In our approach, we used our previously
published 3NNK library design28 in which each clone contains
three mutations encoded by the NNK codons, one in each of
the three CDRs. The 3NNK library design not only allows us to
calculate enrichment ratios (ERs) as a measure of the effect of
mutations on the antibody fitness, but also allows mutations to
a wider range of CDR positions, including those that are not in
direct contact with the antigens, increasing the chance to iden-
tify specificity modulating mutations that act in an allosteric
manner. Two libraries were generated, one containing muta-
tions in the heavy chain CDRs and one in the light chain
CDRs. Both libraries were panned against all three antigens,
i.e., Ang1, Ang2 and VEGF (Table 1). Ang2 and VEGF

pannings were performed using their respective biotinylated
antigen in solution. Ang1 pannings were performed using both
biotinylated antigen in solution and plate-bound antigen. Plate
bound panning can potentially yield more information because
it is less stringent than solution panning and may reveal muta-
tions to further reduce the weak interaction between Ang1 and
5A12.1.

The phage pools from the final two most stringent panning
conditions for each antigen together with the original library
(pre-sorted) were sent for sequencing (Table 1). The Ang2 pan-
ning conditions for both the heavy and light chain library were
0.2 nM biotinylated Ang2 (A20.2) and 0.2 nM biotinylated
Ang2 in the presence of 200 nM non-biotinylated Ang2 as

Table 2. Kinetic binding data of 5A12.1 and 5A12.1 Fab variants to the three antigens. The clones are numbered the same way as in the scatter plot in Fig. 3. In addition,
for each position it is listed “C” if the position is in contact with Ang2 (< 5A

�
away from Ang2) in the 5A12:Ang2 crystal structure (PDB 4ZFG). Further, we list if a position

is surface exposed, “S” or buried, “B” as listed in 28.

VEGF Ang2

Clone # Mutated chain mutation Ang2 contact Solvent accessibility ka (1/Ms) kd (1/s) Kd (M) ka (1/Ms) kd (1/s) Kd (M)

Ang1
Kd (M)

1 wt wt wt wt 9.18EC05 5.67E-04 6.18E-10 3.99EC05 3.12E-04 7.83E-10 4.42E-009
2 HC I29T N B 4.64EC05 7.13E-04 1.54E-09 3.96EC05 1.87E-03 4.71E-09 none
3 HC I29Q N B 4.47EC05 7.25E-04 1.62E-09 6.29EC05 2.07E-03 3.29E-09 none
4 HC I29K N B 3.47EC05 7.20E-04 2.07E-09 6.30EC05 3.14E-03 5.00E-09 none
5 HC S30G N S 4.71EC05 7.88E-04 1.67E-09 7.25EC05 1.01E-03 1.40E-09 none
6 HC Y32A N S 2.03EC05 8.51E-04 4.18E-09 7.23EC05 1.58E-03 2.19E-09 some
7 HC I34Q N B 5.19EC05 8.76E-04 1.69E-09 3.93EC05 3.67E-04 9.33E-10 some
8 HC H35D C B 2.68EC05 5.81E-04 2.17E-09 7.72EC05 4.25E-04 5.50E-10 none
9 HC P52aE N S 1.63EC05 2.15E-03 1.32E-08 3.54EC05 7.28E-04 2.06E-09 some
10 HC Y56A N S 4.52EC05 9.17E-04 2.00E-09 5.44EC05 6.00E-04 1.10E-09 some
11 HC T57H N S 4.43EC05 5.87E-04 1.32E-09 3.54EC05 3.91E-03 1.10E-08 none
12 HC T57D N S 4.13EC05 6.12E-04 1.48E-09 2.77EC05 3.19E-03 1.15E-08 none
13 HC Y58I C S 3.56EC05 5.65E-04 1.59E-09 1.55EC06 2.05E-03 1.32E-09 none
14 HC Y58W C S 4.17EC05 4.51E-04 1.08E-09 3.69EC05 4.65E-04 1.26E-09 some
15 HC Y58L C S 3.45EC05 5.31E-04 1.54E-09 1.09EC06 2.24E-03 2.06E-09 none
16 HC A93S N B 2.72EC05 6.50E-04 2.40E-09 4.26EC05 7.75E-04 1.82E-09 some
17 HC F95M N B 3.84EC05 1.35E-03 3.51E-09 4.25EC05 2.32E-03 5.45E-09 some
18 HC V96T N B 3.03EC05 6.79E-04 2.24E-09 6.17EC05 1.23E-03 2.00E-09 some
19 HC L99A C S 4.25EC05 1.71E-03 4.00E-09 2.69EC05 1.19E-03 4.43E-09 some
20 LC L28M C S 5.11EC05 6.27E-04 1.23E-09 3.33EC05 1.22E-03 3.66E-09 none
21 LC L28A C S 4.98EC05 7.22E-04 1.45E-09 3.10EC05 3.42E-04 1.10E-09 some
22 LC Y55A N S 5.19EC05 7.22E-04 1.39E-09 1.95EC05 6.91E-04 3.55E-09 none
23 LC Y55E N S 5.44EC05 1.14E-03 2.09E-09 2.69EC05 7.03E-04 2.61E-09 some
24 LC S56Q N S 4.95EC05 6.61E-04 1.33E-09 3.45EC05 4.15E-04 1.20E-09 some
25 LC H89M N B 5.74EC05 8.66E-04 1.51E-09 2.47EC05 9.31E-04 3.85E-09 some
26 LC S94P N S 2.83EC05 2.64E-03 9.32E-09 6.73EC05 8.33E-04 1.24E-09 some

Table 1. Sequencing statistics for calculating enrichment ratios of the different panning samples. For each data set the total number of sequencing reads, the number of
reads that passed quality control and further processing, as well as the number of observed versus the expected number of single NNK mutations in all three CDRs of
given sample are listed.

Library name Panning Antigen Panning type Final panning condition Library
No. of raw
reads

Reads after filtering
and quality control

T28P_HCNNK_presort — — — HC 3105123 890518
T28P_HCNNK_V0.2 VEGF Solution 0.2nM VEGF @ RT HC 2909108 1848223
T28P_HCNNK_V0.2comp37 VEGF Solution 0.2nM VEGF C1000x competition @ 37�C HC 2821201 1835315
T28P_HCNNK_A20.2 Ang2 Solution 0.2nM Ang2 @ RT HC 1250730 794404
T28P_HCNNK_A20.2comp Ang2 Solution 0.2nM Ang2C 1000x competition @ RT HC 1980579 1213739
T28P_HCNNK_A1 Ang1 Plate 5ug/ml Ang1 coated HC 2230805 869890
T28P_HCNNK_A120 Ang1 Solution 10nM Ang1 @ RT HC 2091304 1265479
T28P_LCNNK_presort — — — LC 3085954 361233
T28P_LCNNK_V0.2 VEGF Solution 0.2nM VEGF @ RT LC 3192859 1930882
T28P_LCNNK_V0.2comp37 VEGF Solution 0.2nM VEGF C1000x competition @ 37�C LC 2068266 1241521
T28P_LCNNK_A20.2 Ang2 Solution 0.2nM Ang2 @ RT LC 2799196 1350784
T28P_LCNNK_A20.2comp Ang2 Solution 0.2nM Ang2C 1000x competition @ RT LC 1244163 123207
T28P_LCNNK_A1 Ang1 Plate 5ug/ml Ang1 coated LC 1096430 59751
T28P_LCNNK_A120 Ang1 Solution 10nM Ang1 @ RT LC 1828262 914787
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competitor (A20.2comp). For VEGF, panning with 0.2 nM bio-
tinylated VEGF (V0.2) and panning at 37�C with 0.2 nM bioti-
nylated VEGF in the presence of 200 nM non-biotinylated
VEGF (V0.2comp37) were chosen for sequencing. For Ang1,
we used the final round of panning using 20 nM biotinylated
Ang1 (A120). In addition, a less stringent panning procedure
using plate immobilized Ang1 (A1p) was sent for deep
sequencing. By using two panning conditions for each antigen,
we aimed to increase the odds for identifying the best muta-
tions that strongly reduce Ang1 binding while maintaining
high VEGF and Ang2 binding.

Enrichment ratio determination and sample cross
correlation

In total, DNA from 14 samples (two pre-sorted libraries and 12
sorted libraries) was deep sequenced using MiSeq (Table 1).
The ERs for all CDR mutations were determined by dividing
the frequency of a given mutation at a given position in the
sorted samples by the frequency in the pre-sorted sample. In

total, the ER of 483 LC mutations and 609 HC mutations under
six panning conditions (2898 and 3654 ER, respectively) were
obtained. Fig. 2 shows a comparison of all ER (as Log2 ER)
between the six heavy chain data sets and the six light chain
data sets. As expected the samples from panning against the
same antigen using similar panning protocol showed the high-
est Pearson correlation coefficient, e.g., V0.2 in comparison
with V0.2comp37, while samples from panning against differ-
ent antigens showed very low correlation e.g., Ang20.2 in com-
parison to V0.2. In addition, the panning protocol used at
times has a strong influence on the ER, e.g., the two Ang1
pannings (A120 and A1p), which differed in their antigen
immobilization methods showed low correlation.

Identification of specificity improving residues and affinity
determination

To promote the desired specificity of 5A12.1, we filtered for
mutations that were strongly depleted from Ang1 panning,
while showing enrichment or only minimal depletion in the

Figure 2. A cross-correlation plot of the enrichment ratios (ER) of each single mutation from 6 NNK phage library pannings is shown to visualize the distribution of ERs
obtained from the different panning conditions and how they relate to each other. Each box shows a correlation between two ER data sets obtained from different phage
panning tracks as scatter plot of all HC CDR single mutations (lower left triangle) or LC CDR single mutations (upper right triangle). The respective X- and Y-axes represent
the respective log2ER for the sample labels in the diagonal gray boxes. To visualize the behavior of selected mutations that passed our selection filter (see main text for
details) for candidates that reduce Ang1 binding while maintaining Ang2/VEGF binding the enrichment ratios of those mutants are highlighted as circles in blue and
orange. The Pearson correlation coefficient for each panning pair is listed in the scatter plots.
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Ang2 and VEGF panned tracks. The filter was applied to all
iterations of Ang1, Ang2 and VEGF data sets. 26 heavy chain
mutations (number of mutations H1: 10, H2: 9, H3: 7) and 9
light chain mutations (number of mutations L1: 3, L2: 4, L3: 2)
satisfied the filter condition. Interestingly, diversifying our
Ang1 panning approach was helpful, as the only mutations
identified in the light chain were from the Ang1 plate panning
data set, while the heavy chain mutations from both Ang1 plate
and solution panning passed the filter. Most selected mutations
are located in CDR-H1. The finding that fewer light chain
mutations are identified is consistent with the fact that Ang2,
and thus presumably Ang1 binding, is facilitated mainly
through the light chain.28 CDR-L3 especially has been shown
to contain hotspot residues for the 5A12:Ang2 interaction that
do not tolerate mutation.28

Notably, 18 heavy and seven light chain mutations were
identified at least twice in the different iterations of the different
panning data sets, and were selected for further screening. The
25 5A12.1 Fab variants were expressed and purified as
described previously.28 The affinity of these variants toward all
three antigens was measured by Biacore and, indeed, all var-
iants showed significantly reduced Ang1 binding. 11 variants
showed essentially no Ang1 binding by Biacore under the con-
ditions tested (single cycle kinetics using 1 uM of Ang1 as ana-
lyte). The other 14 variants retained some Ang1 binding, but
the weak binding data could not to be fitted to determine KD.
In addition, most of mutations retained sub-nanomolar to sin-
gle digit nanomolar affinity toward Ang2 and VEGF. For exam-
ple, the mutation HC-S30G recognizes VEGF with a KD of
1.7 nM and Ang2 with a KD of 1.4 nM, while showing no
detectable Ang1 binding. Similarly, another mutation HC-Y58I
has a KD of 1.6 nM for VEGF and 1.32 nM for Ang2 while also
showing no Ang1 binding activity.

Non-specific binding properties and stability of the
identified 5A12.1 variants

Extensive engineering of antibodies carries the risk of introduc-
ing mutations that could unintentionally change biophysical
properties. We therefore measured some of the identified
mutants’ biophysical properties, which are linked to the “devel-
opability” of antibodies.33 A high melting temperature of the
Fab portion correlates with an increase in antibody expression
titers.33,34 We thus used differential scanning fluorimetry (DSF)
to determine the melting temperature (Tm) of 5 Fab variants
that showed no or strongly reduced affinity for Ang1 (HC.

S30G, HC.Y58I, HC.Y58W, LC.S56Q and LC.H89M) and com-
pared it to wildtype 5A12.1 (Table 3). All variants have a very
similar or even slightly higher melting temperature than
5A12.1 (DTM between -0.4 and C2.4)

We next tested whether the specificity engineered mutants
exhibit non-specific binding. Non-specific binding can lead to
fast clearance and shortened half-life of antibodies in vivo. We
used the previously described baculovirus ELISA35 to measure
the non-specific binding properties of 5A12.1 and the 5 speci-
ficity engineered variants (Table 3). All the variants had nor-
malized baculovirus ELISA score <1, indicating lower risk for
fast clearance. In summary, both assays, DSF and baculovirus
ELISA, indicate all variants identified have favorable develop-
ability profiles.

Structural mapping of mutations generates a specificity
landscape of 5A12.1

We next mapped the 25 mutations on to the previously pub-
lished structure of Ang2:5A12 complex to obtain a structural
map of specificity modulating residues (Fig. 4). To compare
the spatial arrangement of the CDR mutations of the antibody
to the location of non-conserved residues on the Ang2 epitope
(Fig. 1A), we structurally aligned Ang1 with Ang2 in the
Ang2:5A12 structure, thereby constructing an Ang1:5A12
model (Fig. 4). When mapping the specificity changing muta-
tions onto the model, one hotspot of specificity modifying
mutations consisting of three adjacent CDR-H2 positions,
HC-56, HC-57 and HC-58, and two adjacent CDR-H1 posi-
tions, CDR-H34 and HC-H35 becomes visible. Of these five
structurally adjacent residues, we noted that HC-35 and HC-
58 are in direct contact of Ang2 at a non-conserved position,
Ang2-I434, which is Ang1-M436. This suggests that the
improved discrimination between Ang2 and Ang1 of these
variants is based on a differential interaction with the Ang2-
I434/Ang1-M436 site.

The other mutations are fairly equally distributed over the
other CDRs and do not cluster spatially. Interestingly, many of
these specificity-modifying CDR mutations are not in direct
contact with Ang2 (Table 2), and thus very likely also not in
contact with Ang1, hence affecting the binding specificity allo-
sterically. A striking example is LC-S56Q, which greatly
reduces Ang1 binding while being more than 15 A

�
away from

Ang2 or Ang1 (based on the model). Another example is a
structurally buried position at the stem of CDR-L3, LC-H89M,
which also reduces Ang1 binding of 5A12.1. While the impor-
tance of antigen-distal residues in affinity and specificity engi-
neering has been noted in previous reports,11,13,26 it is difficult
to predict this kind of mutations based on structural informa-
tion. Identification of these remote mutations is an advantage
of our full-mapping approach.

Discussion

Previous applications of deep scanning mutations (for affinity
engineering) mainly focused on finding strongly enriched
mutations to improve the affinity of a given binder.24-26 How-
ever, the identification of strongly enriched mutations do not
necessarily require deep sequencing, as in many cases limited

Table 3. Developability profiles of 5A12.1 Fab and 5 5A12.1 Fab variants. The melt-
ing temperature (Tm) of the 5A12.1 and five selected 5A12 Fab variants as deter-
mined by DSF is listed. In addition, non-specific binding properties of the IgGs
were determined by baculovirus ELISA. The normalized baculovirus ELISA score is
listed. The low binding and high binding antibody controls had normalized baculo-
virus ELISA score as 0.15 and 3.23, respectively.

Clone Tm (�C) Baculovirus ELISA

T28P 81.8 0.31
HC.S30G 80.8 0.4
HC.Y58I 82.2 0.78
HC.Y58W 82 0.51
LC.S56Q 82 0.35
LC.H89M 84.2 0.42
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sequencing by Sanger method can identify strongly enriched
mutation.36-38 The advantage of deep mutational scanning for
protein engineering is realized in applications that require a
large data set to accurately determine the depletion of a muta-
tion. For example, tracking the change from 1 in 100 to 1 in
over 300 in occurrences for identifying the mutations that have
negative effects on the selected binding function can only be
accomplished with thousands of sequences.28 Here, we demon-
strate the use of depletion data for specificity engineering,
which allowed us to greatly reduce the binding of a DAF
against Ang1 while maintaining high affinity binding against
Ang2 and VEGF.

Although the method introduced here represents an extreme
case of Two-in-One DAF engineering for binding three distinct
antigens, it is applicable not only to DAFs, but also generally to
fine-tune the affinity and specificity of any antibody or protein
binder. When we re-analyzed our data focusing only on Ang2
and Ang1 binding with a very strict filter (ER for Ang1 < -2
and ER for Ang2 > 1), we identified seven more mutations that
can selectively bias Ang2 over Ang1 binding (data not shown).
This observation suggests that the engineering of the specificity
of Ang2 over Ang1 without considering VEGF binding can be

Figure 4. Structural mapping of the specificity determining mutations. The crystal
structure of the 5A12:Ang2 complex (PDB 4ZFG) is shown in cartoon representa-
tion. The heavy chain is shown in blue, the light chain in red and Ang2 in light
blue. The crystal structure of Ang1 (PDB 4JYO) has been structurally aligned onto
Ang2 and colored in gray. The orange spheres represent location of mutations that
greatly reduce Ang1 binding while maintaining VEGF and Ang2 binding affinity.
The side chains of residues different in Ang1 and Ang2 that are located in the
structural epitope of Ang2 are shown in stick representation.

Figure 3. Binding of selected Fab variants. (A) The scatter plot visualizes the KD of Fab with selected mutations for VEGF and Ang2 as measured by Biacore. The shape of
each data point indicates the location of the mutation with circle indicating mutation in HC, triangle in the LC and the gray square indicating 5A12.1wt with an affinity
for Ang1 of KD 4 nM, with (B) showing the BIAcore sensorgram trace. The color of each data point encodes for Ang1 binding. Blue is for mutations that show much
reduced yet still residual Ang1 binding with (C) showing the BIAcore sensorgram trace of such an example; while orange is for mutation showing no detectable binding
with (D) showing the BIAcore sensorgram trace of an example.
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achieved very easily using deep mutational scanning. Thus, the
approach demonstrated here is a robust and efficient way to
map specificity-determining positions in antibody-antigen and
protein-protein interactions.

Material and methods

Antigens

Phage ELISA, phage panning and subsequent Biacore was
performed using the receptor binding domain (RBD) of human
Ang2 with a C-terminal His-tag (hAng2his), human Fc c-ter-
minally fused to RBD of human Ang1 protein (Fc.hAng1) and
human VEGF 8–109 (hVEGF109).

NNK library generation and phage panning

To test if selection of 5A12.1 could be performed on Fc.
hAng1, 2 ug/ml of Fc.hAng1 was coated on an ELISA plate
(Nunc Maxisorp). After blocking using 0.5% bovine serum
albumin (BSA), 0.1% Tween-20 in phosphate-buffered saline
(PBS), serially diluted phage was added. Bound phage were
detected using a horseradish peroxidase-conjugate anti-M13
antibody (GE healthcare, catalog number 27–9420–01).
NNK CDR walking phage libraries of 5A12.1 for deep
mutational scanning were constructed from 5A12 Fab for-
mat with either LC or HC CDR residues mutated using a
mixture of degenerate oligonucleotides for each CDR loop
and a Kunkel mutagenesis protocol as described previ-
ously.28 Each oligonucleotide randomizes one of the CDR
sites with an NNK codon which encodes for all 20 amino
acids using all 32 codons including a stop codon (N D G,
A, T and C and K D G and T in equal portions). Libraries
were designed to allow one NNK mutation in each of the
three LC or HC CDRs called 3NNK libraries. Library DNA
was electroporated into E. coli XL1 cells yielding »5–109

transformants. Libraries were sorted against biotinylated
hVEGF109, hAng2his or hAng1-FC using a described previ-
ously solution panning protocol,39 which increased the
stringency of successive rounds by incubating phage with
decreasing concentration of antigens. Antigen concentra-
tions ranged from 5 nM - 0.2 nM for hVEGF109 panning,
from 100 nM - 0.2 nM for hAng2his panning and from
100 nM - 20 nM for Fc.hAng1. In addition, to solution
panning, panning with on plate immobilized Fc.hAng1 was
performed using a described previously protocol.40

Illumina sequencing and data analysis

For deep sequencing, phagemid double-stranded DNA was iso-
lated from selected rounds. The VH and the VL segment from
each sample were amplified by an 18-cycle PCR amplification
using Phusion DNA polymerase (New England Biolabs). The
amplicon was purified on a 2% agarose gel. Amplicons were
prepared using the TruSeq Nano DNA library preparation kit
from Illumina. Multiplexed adaptor-ligated libraries with
unique barcodes were sequenced on the Illumina MiSeq, for
2 £ 300 cycle, paired-end sequencing. Sequencing data were
analyzed using the statistical programming language R41 and

ShortRead.42 Quality control was performed on identified CDR
sequences, where each CDR sequence was checked for the cor-
rect length and was allowed to carry only up to one NNK muta-
tion and no non-NNK mutation. Calculating the frequency of
all mutations, of every randomized position, generated position
weight matrices. ERs for all mutations were calculated by divid-
ing the frequency of a given mutation at a given position in the
sorted sample by the frequency of the very same mutation in
the unsorted sample, as described previously.23 To identify
specificity improving mutations, we applied the following filter:
ERx Ang1 < -1 & ERx Ang2 > -0.5 & ERx VEGF > 0, where
ERx is the log2 enrichment ratio of a given mutation X. Muta-
tions which passed this filter in various iterations of the data
sets obtained from panning different antigens were chosen for
further characterization. Data was plotted using ggplot2.43

Antibody characterization

The VL and VH of selected phage clones were cloned into
vectors previously designed for transient human Fab expres-
sion in mammalian cells.44 Fabs were purified by affinity
chromatography. For KD determination, Fab was used as
analyte in Biacore surface plasmon resonance measurements
using a CM5 sensor chip immobilized with low density
(RU) of hVEGF109, hAng2his or Fc.Ang1 at 25�C to deter-
mine monovalent affinities. For thermal melt temperature
(Tm), we used DSF, which monitors thermal unfolding of
proteins in the presence of a fluorescent dye SYPRO orange
dye (Invitrogen). The diluted dye (1:20) 1 ml was added
into 24 ml Fab protein (»100 mg/ml). The fluorescence
intensity during temperature increase from 20�C to 100�C
was plotted and Tm, the inflection point of the transition
curve was calculated using the Boltzmann equation.45 For
baculovirus ELISA VH and VL sequences of selected variants
were cloned into a mammalian IgG vector for expression
and purification by affinity chromatography. 1% baculovirus
particle suspension was prepared in coating buffer (0.05 M
sodium carbonate pH 9.6) and 25 ml was added per well in
384-well plate (Nunc-Immuno Plate ThermoFisher) at 4�C
overnight. The wells were blocked with 50ml blocking buffer
(PBS containing 0.5% BSA and 10PPM Proclin) for 1 h at
room temperature. After rinsing the plate three times with
washing buffer (PBS), 25 ul of purified selected IgGs in
blocking buffer were loaded in duplicate wells for 1 h at
room temperature. The plate was washed six times with
washing buffer and 25 ml at 10 ng/ml goat anti-human Fc
fragment specific conjugated to horseradish peroxidase
(Jackson ImmunoResearch) was added per well for 1 h at
room temperature. Then the plate was washed six times
with washing buffer and 25 ul of TMB substrate (Moss,
Inc.) was added per well for 15 min at room temperature.
The reaction was stopped by adding 25 ul of 1 M phospho-
ric acid per well. Absorbance was measured at 450 nm
using a plate reader. A high binding antibody with fast
pharmacokinetic clearance, a mid-level binding antibody
with borderline pharmacokinetic clearance, and a low bind-
ing antibody with normal pharmacokinetic clearance are
run along with the samples. The OD values of samples are
normalized to our mid binding antibody control value at
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100 nM as normalized baculovirus ELISA score. Samples
with normalized baculovirus ELISA score >1 have a higher
risk for fast clearance and the score <1 indicates a lower
risk for fast clearance.

Structural analysis

The previously published 5A12:Ang2 complex structure (PDB
4ZFG) was used as a template to generate a simple model of a
5A12:Ang1 complex. The 5A12:Ang1 model was generated by
structurally aligning the crystal structure of Ang146 (PDB
4JYO) with Ang2 of 5A12:Ang2 complex (PDB 4ZFG) using
Pymol (The PyMOL Molecular Graphics System, Schr€odinger,
LLC.). The structural epitope of 5A12 on Ang2 was identified
using the program ‘Contact’ in the CCP4 suite and a cutoff
value of 5A

�
.47 Crystal structures were visualized using Pymol.
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