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Introduction

The natural immune system can produce anti-
bodies that recognize essentially any antigen with
high affinity and specificity, and thus, antibodies
produced by animal immunization and hybridoma
methods' are indispensable tools for biological
research. As a powerful alternative to hybridoma
technology, phage display allows for the display of
libraries of antigen-binding fragments (Fabs) or
single-chain variable fragments (scFvs) on the
surfaces of bacteriophage particles that encapsulate
the encoding DNA.?-¢ These libraries can be cycled
through binding selections in vitro to select antigen-
specific antibodies. Selected antibodies are inher-
ently monoclonal, and their amino acid sequences
can be readily decoded from the DNA. Furthermore,
the use of in vitro methods allows for exquisite
control over selection conditions, thus allowing
for tailored selection strategies for obtaining anti-
bodies with extremely precise specificities, and also,
for dealing with difficult antigens, such as integral
membrane proteins. Importantly, phage display
selection and analysis protocols are well suited for
adaptation to a high-throughput pipeline (HTP), and
consequently, the technology is likely to play an
important role in proteomics research.”~?

A particularly promising branch of phage-dis-
played library technology is represented by the so-
called “synthetic” antibody libraries, which contain
antigen-binding sites constructed entirely from
man-made diversity.'”"" Libraries of this type are
ideal for HTP applications, since frameworks can be
chosen for optimal stability and performance, and
the defined nature of the repertoires allows for rapid
downstream sequence analysis and protein purifica-
tion. In addition, the use of well-defined frame-
works makes it possible to incorporate modular
design features that enable facile affinity maturation
or reformatting between different vector systems.

Over the last few years, significant advances in
synthetic antibody engineering have been enabled
by an enhanced understanding of the relationships
between antibody structure and function. Analysis
of antibody sequences and structures has revealed
that antigen recognition is primarily mediated by the
six complementarity determining regions (CDRs),
or hypervariable loops, which form a functional
antigen-binding site that is supported by more
conserved framework regions.'>!3 Even within the
CDRs, there are considerable biases in spatial and
chemical diversity that is compatible with antigen
recognition; antibody—antigen complex structures
show that residues at certain CDR positions most
often make contact with antigen and certain types of
amino acids are most often involved in productive
binding contacts."*'” Furthermore, while natural
repertoires use combinations of dozens of different
heavy and light chain frameworks to support CDR
diversity, certain frameworks are much more stable
than others, and consequently appear to be used
more often in functional antibodies.'® Highly
functional synthetic antibody libraries have been

constructed by using these natural clues to guide
the choice of frameworks that are the best for
supporting naive diversity and to determine which
types of chemical diversity should be introduced
at which positions within the antigen-binding
site.'O!!

We have pursued a particularly simple approach
to antibody engineering by using a single, highly
stable Fab framework to support CDR diversity
restricted to a binary code of only Tyr and Ser, two
amino acids that are highly abundant in natural
antigen-binding sites.!2! Surprisingly, these che-
mically minimalist libraries have proven to be
highly effective in generating specific antibodies
against a wide array of antigens, thus demonstrating
a dominant role for Tyr in antigen recognition and
providing a rationale for the high abundance of Tyr
in the CDRs of the natural immune repertoire.
Recently, we have shown that the effectiveness of
the Tyr/Ser binary code in mediating molecular
recognition is likely an intrinsic property not
restricted to antibody scaffolds, as libraries of this
type were also effective in providing specific
molecular recognition in the context of a much
smaller, single-domain scaffold of the fibronectin
type III domain.”

These studies have established a benchmark for
the minimal requirements for generating molecular
recognition from naive repertoires. However, while
the Tyr/Ser binary libraries provided high affinity
recognition in the nanomolar range for some anti-
gens, in other cases affinities were in the micro-
molar range, suggesting that additional diversity is
required for high affinity binding to a greater
proportion of antigens. In the original Tyr/Ser
binary Fab libraries, only positions that are expected
to make a direct contact with the antigen (“para-
tope” residues) were diversified.”” The natural
antibody repertoire contains two additional types
of CDR diversity.'>"? First, amino acid diversity is
present at CDR positions that do not make direct
contact with the antigen. Such diversity at “non-
paratope” residues contributes to generating con-
formational diversity of the paratope residues.
Second, additional chemical diversity beyond the
Tyr/Ser binary code is likely to augment affinity and
fine-tune specificity.

Here, we have systematically augmented the
diversity in the minimalist Tyr/Ser binary code to
produce simple, yet highly functional synthetic
antibodies. We introduced additional CDR diversity
in a stepwise manner, first at non-paratope positions
and then in all CDR-H3 positions, and evaluated
the effects systematically using human vascular
endoethelial growth factor (hVEGF) as the test
antigen. The introduction of additional diversity
incrementally improved the effectiveness of the Fab
libraries. Our most complex Fab library was further
evaluated with a diverse panel of antigens using
newly established, HTP procedures for Fab genera-
tion. The library produced antibodies with tight
affinities in the single-digit nanomolar range against
all of the antigens tested, indicating that this fully
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synthetic library, with highly biased amino acid
codes built on a single Fab scaffold, has essentially
recapitulated the capacity of the natural immune
system to generate high-performance antibodies.
Libraries of this type should be highly useful for
HTP applications, as they use simple synthetic
antibody design but incorporate enough additional
conformational and chemical diversity to mediate
high-affinity recognition of diverse antigens. Fur-
thermore, the defined and simplistic nature of the
library designs allowed us to detect statistically
significant trends in sequence diversity amongst
antigen-specific antibodies relative to the naive re-
pertoire, and these trends provide valuable insights
into successful aspects of design that can be re-
inforced in future designs to further improve library
performance.

Results

Library designs

We designed four synthetic antibody libraries to
systematically study the functional consequences of
adding complexity into a minimalist diversity
design. All of the libraries used a similar humanized
Fab as the scaffold (Figure 1(a)) and diversity was
restricted to defined positions in the CDRs
(Figure 1(b)). In the simplest library (library A),
which has been described,?° only the three heavy
chain CDRs were diversified using a binary code
restricted to Tyr/Ser. Solvent accessible paratope
positions in CDR-H1 and -H2 were randomized,
and seven positions in CDR-H3 were replaced by
random-sequence loops of variable lengths. In the
second library (library B), also described,” the
complexity relative to library A was expanded by
introducing diversity into the light chain at five
paratope positions in CDR-L3.

For the next two libraries, the scaffold was
modified slightly based on structural analysis of
Fab-YSd1, an antibody derived from library B,
which revealed that certain side-chains in CDR-L1
and -L2 were close to or in contact with bound
antigen.”’ Although CDR-L1 and -L2 were not
diversified in the libraries, we replaced four light
chain residues (Asp28, Asn30, Thr31 and Phe53)
with Ser residues, reasoning that the small, neutral
Ser side-chains would be less likely to make
detrimental contacts with antigens. In addition, we
also replaced Ser93 in the heavy chain with Ala,
because Ala is the most common residue at this
position in natural antibodies'> and we observed
that this substitution improved the yield of Fab
protein (data not shown). Using this new scaffold,
we constructed a third library (library C) that built
upon the complexity of library B by allowing for
three different lengths in CDR-L3 and by rando-
mizing eight non-paratope positions that likely
influence the conformations of the CDRs (two each
in CDR-H1, -H2, -H3 and -L3). Each of these
positions was subjected to limited randomization

using degenerate codons that encode two or four
amino acids that are commonly found at each po-
sition amongst natural antibody sequences.'”
Library D, the fourth and most complex library,
was identical to library C, except that the chemical
diversity of CDR-H3 was greatly increased. In
contrast with the other libraries, which allowed for
only binary Tyr/Ser diversity, the CDR-H3 design of
library D was chemically complex; we used a
tailored oligonucleotide synthesis strategy that
biased the sequences in favor of Tyr, Ser and Gly
but allowed for 19 of the 20 genetically encoded
amino acids (only Cys was excluded).

Each of the libraries was constructed with opti-
mized mutagenesis techniques™?* that yielded
highly diverse repertoires containing greater than
1010 unique members each. The four libraries differ
greatly in terms of the amount of coverage provided
by the actual diversities relative to the theoretical
diversities, that is, the maximum number of unique
combinatorial possibilities for the CDR diversity
designs (Figure 1(c)). For the simplest libraries A
and B, the theoretical diversities are lower than the
actual diversities, and thus, these diversity designs
are well sampled by the constructed repertoires. In
library C, the addition of length diversity in CDR-L3
and chemical diversity at non-paratope residues
produces a case where the theoretical diversity
exceeds the actual diversity by approximately 1000-
fold. In the case of the most complex library D, the
use of highly diverse chemical diversity in CDR-H3
produces an extremely under-sampled situation in
which the theoretical diversity exceeds the actual
diversity by 20 orders of magnitude.

Selection of antibodies against hVEGF

To compare the relative effectiveness of the
different libraries in generating specific antibodies,
we chose hVEGF as a model antigen, because this
angiogenic hormone is of great biological impor-
tance and has proven to be highly amenable to
structural analysis in complex with natural and
synthetic Fabs.?12526 All four libraries generated
anti-hVEGF Fabs, and sequencing of approximately
100 clones from each selection revealed a total of 90
unique sequences representing 11, 52, 14 or 13 clones
from libraries A, B, C or D, respectively (Figure 2).

For each unique clone, we used a single-point
competitive phage enzyme-linked immunosorbent
assay (ELISA) to obtain estimates of affinity.”' Phage
were incubated with 100 nM hVEGEF to establish an
equilibrium between the phage-displayed Fabs and
hVEGEF. Uncomplexed Fab-phage were then
detected by capture on plates coated with hVEGE.
By comparing the amount of Fab-phage captured in
the presence of solution-phage hVEGF to the
amount captured in the absence of hVEGF, we
could rank the clones on the basis of relative
affinities (data not shown). Of the 90 unique clones,
only 11 showed a greater than 50% reduction in
binding in the presence of 100 nM hVEGEF, and these
included nine clones from library D and one clone
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(c) Library Theoretical Diversity Actual
CDR-L3 CDR-H1 CDR-H2 CDR-H3 Total Diversity
A 1 32 64 2x10° 4x10° 2x10
B 32 32 64 7x10* 4x10° 2x10"
C 896 128 256  2x10° 6x10° 3x10"
D 896 128 256 5x10% 1x10* 3x10"

Figure 1. Library designs. (a) The backbones of the humanized 4D5 heavy and light chain variable domains are shown
as tubes. The frameworks are colored grey, and the CDR loops defined by Kabat et al.' are colored as follows: CDR-H1,
yellow; CDR-H2, orange; CDR-H3, red; CDR-L1, green; CDR-L2, blue; CDR-L3, purple. Positions that were diversified in
the libraries are shown as spheres. Spheres colored according to the CDR coloring scheme represent paratope positions
that were randomized in all four libraries (except CDR-L3, which was not randomized in library A). Grey spheres
represent non-paratope positions that were only randomized in libraries C and D. (b) CDR diversity designs. Positions
that were fixed as the parental 4D5 sequence are shaded grey. At each diversified position, the allowed amino acids are
denoted by the single-letter code. X indicates positions at which 19 of the 20 genetically encoded amino acids (Cys was
excluded) were allowed as described in Materials and Methods. Positions shaded blue indicate regions that were replaced
by random loops of varying length. In the case of CDR-L3, the four positions were replaced by loops containing four, five
or six residues. In the case of CDR-H3, the seven positions were replaced by all loop lengths between seven and 20
residues (library A), seven and 15 residues (library B) or six and 17 residues (libraries C and D). (c) Theoretical and actual
library diversities. The theoretical diversities are the number of combinatorial possibilities allowed in each library design,
and the actual diversities are the number of unique clones obtained from the library construction process.

each from libraries B and C (Figure 2). To identify
the highest affinity clones from libraries A and B, we
repeated the ELISA in the presence of 1 uM hVEGF
and found two additional clones from library B and
one clone from library A that exhibited greater than
50% reduction in binding. Thus, we identified 14
clones that included the highest affinity anti-hVEGF
Fabs from each library, and we next analyzed these
Fabs in detail as purified proteins.

The binding kinetics of the purified Fabs were
studied by surface plasmon resonance (Figure 2).
Four of the nine Fabs from library D exhibited
extremely tight affinities (K4<10 nM), and while

library C yielded only one high-affinity clone, the
affinity of this Fab (Fab-C1, Kp=9.7 nM) was compa-
rable to that of the best Fab from library D (Fab-D2,
Kp=4.4 nM). The affinities of the best Fabs from
libraries B (Fab-B1, K4=30 nM) or A (Fab-Al, Kq=
300 nM) were approximately one or two orders of
magnitude weaker, respectively, than that of Fab-D2.

The CDR-H3 sequences obtained from the differ-
ent libraries differed greatly in terms of length and
sequence. All of the clones from library A had CDR-
H3 loops with identical lengths and homologous
sequences. In contrast, the clones from library B
were of differing lengths and exhibited homology
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Figure 2. Sequences and binding parameters of anti-hVEGF Fabs. CDR sequences are shown for Fabs isolated from (

library A, (b) library B, (c) library C, and (d) library D. The numbering is according to the nomenclature of Kabat et al.
Binding parameters (kon, ko, Kq) were determined from kinetic analysis of Fabs binding to immobilized hVEGF measured

phage binding was inhibited at least 50% by solution-phase hVEGF at a concentration of 100 nM or 1 uM, respectively.
by surface plasmon resonance.



Mimimalist Synthetic Antibodies

929

amongst each other at the C-terminal end, but were
not homologous to the clones from library A. The
clones from library C appeared to be a mixture of
sequences with some homology to clones from either
library A or B, but differed significantly from both
groups. Notably, the highest affinity clone from
library C (Fab-C1) appeared to be homologous to the
clones from library A at the N-terminal end of CDR-
H3 but differed at the C-terminal end. The clones
from library D were the most diverse in terms of
length and sequence.

To characterize different CDR-H3 loops in detalil,
we subjected one clone each from libraries B, C and
D to shotgun scanning mutagenesis, a method
which assesses the functional importance of indivi-
dual side-chains®*® (Figure 3). Shotgun scanning
revealed that the antigen binding function of Fab-B1
depends mainly on the C-terminal end of CDR-H3,
consistent with the homology observed amongst
clones from library B. In contrast, Fab-C1 depends
on the N-terminal end of CDR-H3, again consistent
with the homology of this clone with clones from
library A. Three residues in the short CDR-H3 loop
of Fab-D1 are important for antigen binding, and
these include two Tyr and a Gly residue. Compari-
son of the results from libraries A, B and C demon-
strates that, even when only binary diversity is
allowed, very different CDR-H3 loops are used for
the recognition of hVEGF, depending on the nature
of the diversity allowed in the other CDRs. Further-
more, comparison of the results from libraries C and
D shows that, even though increased chemical
diversity in CDR-H3 does not significantly enhance
the maximum affinity, it does significantly expand
the range of CDR-H3 loop lengths and sequences
that are used for binding, suggesting that the CDR-
HB3 loops contained in library D may offer a wider
range of binding solutions.

Structural characterization of anti-hVEGF
Fab-D1

To gain insights into the structural basis for
antigen recognition, the crystal structure of Fab-D1
in complex with hVEGF was solved and refined
to 3.5 A resolution with Rg,or and Rgee 0f 29.1 and
31.2%, respectively (Figure 4 and Table 1). Despite

the modest resolution, the quality of the structure is
quite good with 98.9% of the non-proline and non-
glycine residues in the most favored or additionally
allowed parts of the Ramachandran plot.*” Impor-
tantly, the maps were of sufficient quality to
unambiguously trace all backbone regions, includ-
ing the CDR loops, and also, to visualize the
intermolecular interactions at the interface between
the antibody and the antigen.

The structure of Fab-D1 is similar to that of the
parental Fab-4D5. Superposition of the variable
domains reveals significant differences only in the
main-chain conformations of CDR-H3 and -L3
(Figure 4(a)), and these differences are consistent
with the fact that these loops differ drastically
between the two antibodies, both in terms of length
and sequence. Furthermore, these conformational
differences are relevant to antigen recognition, since
both loops make substantial contacts with hVEGF
(see below). The structure of the hVEGF homodimer
is also very similar to previous structures in complex
with other Fabs or a natural receptor domain (Flt-
1pp).!' Each hVEGF homodimer binds to two Fab-
D1 molecules (Figure 4(b)), which recognize a
structural epitope that overlaps with the structural
epitope for Flt-1p, (Figure 4(c)). Calculations of
solvent-accessible surface areas® reveal that com-
plexation results in the burial of approximately
850 A2 on both hVEGF and on Fab-D1, V\{hiCh uses
both the heavy (485 A?) and light (358 A?) chains
(Figure 4(d)). All three heavy chain CDR loops make
contact with the antigen, exclusively through
residues located at positions that were randomized
in the library. In the light chain, contacts involve
residues at randomized positions in CDR-L3, but
also, three Ser residues in the non-randomized CDR-
L1. It is striking that nine of 11 Tyr residues selected
at randomized positions form contacts with the
antigen, and consequently, 69% of the buried surface
on the paratope side is contributed by Tyr residues
(Figure 4(e)). An additional 18% of the structural
paratope is contributed by Ser residues and the
remaining 13% is from contacts involving other
residue types in CDR-H3 (Gly97 and Thr98), CDR-
L3 (Pro95) and the light chain framework (Arg66).
Gly99 in CDR-H3 is not in direct contact with
the antigen, but the main-chain adopts an unusual

CDR-H3
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Figure 3. Shotgun scanningana-
lysis of anti-hVEGF CDR-H3 loops.
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predicted to be deleterious to anti-
osg OS? (23 0L6 gen-binding (F>>5) are shown in bold

text. In cases where no mutations
were observed amongst the antigen-
binding clones, only a lower limit
could be defined for the F value

(indicated by a greater than sign). The effects of the following mutations were tested: Tyr — Ser, Ser/Gly — Ala, Ala — Gly,
Met — Leu, Leu — Met. See Materials and Methods for details.
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Figure 4. Structure of Fab-D1 in complex with hVEGF. (a) Superposition of the variable domains of Fab-D1 (light chain blue, heavy chain green) and humanized Fab-4D5
(IN8Z, white). Note the large differences in CDR-H3 and -L3. (b) Overall structure of the hVEGF:(Fab-D1), complex. hVEGF is depicted in a surface representation with one
molecule in white and the other in beige, the Fabs are shown as ribbon diagrams and colored as in (a). All atoms of hVEGF in contact with the Fab are colored yellow, orange or red
if closer than 4.5 A, 4.0 A, or 3.5 A to the Fab, respectively. (c) The structural epitopes for hVEGF binding to Fab-D1 (top) or Flt-1p, (bottom). hVEGEF is depicted in a surface
representation colored as in (b). (d) Detailed picture of the Fab-D1 residues in contact with hVEGF. All residues that contact hVEGF are depicted as sticks and labeled. The
molecules are colored as for (a) and (b). () The amino acid composition of the interface between Fab-D1 and hVEGE. Each circle represents the surface area on Fab-D1 or hVEGF
that becomes buried upon complex formation. The colors indicate the proportion of the buried surface area contributed by each amino acid type.
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Table 1. Data collection and refinement statistics for the
Fab-D1:hVEGF complex

A. Diffraction data

Space group P2,

Unit cell constants (A) a=154.4,b=90.2 ¢=205.6, 3 =90.85°
Resolutlon (&) 50-3.5 (3.63-3.5)"

Reyn’ 0.97 (0.44)*
<I/ol> 10.7 (2.3)°
No. of reflections 233,837
No. of unique reflections 71,940
Completeness (%) 96.1 (93.4)°
B. Refinement

Resolution (A) 30-3.5
No. of reflections 65,259
Ruorkr Rive 0.291, 0.312

No. of residues 4200

No. of non-H atoms 21,356
rmsd bond length (A) 0.007
rmsd angles (deg.) 1.0
Average isotropic B (A?) 65.6
rmsd B (bonded atoms) C(]AZ 29

Ramachandran plot (%) 85.0, 13.9, 0.6, 0.5

? Numbers in parentheses refer to the highest resolution shell.
b Reym=2. | I-=<I> | /¥ I, where <[> is the average intensity of
symmetry-related observations of a unique reflection.

Ryork=Y. | Fo—Fc | /3 Fo, where F, and F. are the observed
and calculated structure factor amplitudes, respectively. Reee is
the R-factor for a randomly selected 10% of the reflections
excluded from all refinement.

d Percentage of residues in the most favored, additionally
allowed, generously allowed, and disallowed regions of a
Ramachandran plot.”’

conformation that 1s only allowed for Gly in the
Ramachandran plot,” explaining the intolerance of
this residue to Ala substitution (Figure 3). In contrast
with the chemically homogenous paratope, which is
dominated by Tyr residues, the antigen side of the
interface is constituted by buried surface from a
wide diversity of amino acid types. Thus, as was
observed previously for two anti-hVEGF Fabs'’ and
an anti-hDR5 Fab,?’ the complex of Fab-D1 with
hVEGF reveals that Tyr residues, when presented in
a suitable conformational context, are sufficient to
mediate most of the interactions required for the
recognition of antigen with high affinity.

Evaluation of library D by HTP Fab generation

As library D was effective in generating a number
of high-affinity antibodies against hVEGF, we next
explored the general effectiveness of this library
using a wide variety of protein antigens. To facilitate
this evaluation, we established HTP methods for
library selection, protein purification and affinity
analysis (Figure 5). The goal of the procedure design
was to obtain diverse populations of high-affinity
Fabs with minimal rounds of library sorting and
with a minimal level of characterization of indivi-
dual antibodies, particularly during intermediate
steps. As described in detail in Materials and
Methods, we implemented a magnetic bead-based
selection strategy in which antigen concentration
was gradually and systematically reduced in later
selection rounds. We attached biotin moities to each

antigen using chemical modification, and thus, the
procedures do not require a genetically encoded
affinity tag and are generally applicable to most
proteins including those that cannot be produced in
a recombinant form. Furthermore, the biotinylation
reagent contains a cleavable bond, which allows for
detachment of an 1mmob111zed target by an addi-
tion of a reducing reagent.”’ This selective elution
method maximizes the enrichment of Fab-phages
that bind to the antigen, rather than to other mate-
rials present in the sorting solution. An automated
magnetic bead handler was employed to increase
throughput and reproducibility.

We applied these procedures to a panel of soluble
proteins generously provided by the Midwest
Center for Structural Genomics (MCSG). These
proteins, ranging in length from 98 to 320 residues,
were originally selected for structure determination
trials based on low sequence identity (<30%) to
proteins with known three-dimensional structures.
Therefore, the panel represents a diverse array of
proteins that are particularly suitable for evaluating
the performance of the antibody library. We tested
these proteins for the absence of non-specific bind-
ing to phage particles and then confirmed their
structural integrity using one-dimensional NMR
spectroscopy. Ultimately we chose a set of 13 targets

Target Validation & Preparation
* Phage background binding
* Foldedness by NMR
= Biotinylation

v

Library Sorting
* 3 rounds
* Semi-automated

Y

punoJ [euolippe

Sorting Evaluation
* Enrichment
* Hit rate

Protein Preparation
* Vector reformatting
* Small-scale production

v

Clone Characterization
« Affinity analysis by SPR
* DNA sequencing

Figure 5. Flow chart summary of the high-throughput
Fab generation process. See the text for details.
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from the MCSG proteins and also the extracellular
domain of prolactin receptor.’>

With our standardized, semi-automated proce-
dures, a single researcher was able to routinely
complete library selections against 12 antigens in
one week. After three or four rounds of selection
against each antigen, the enriched phage pool
showed a significant level of antigen-specific bind-
ing, as measured by the “enrichment ratio”, which is
the ratio of phage recovered from sorting against
antigen over that from sorting without antigen. The
frequency of antigen-binding clones, as tested by
phage ELISA of individual clones, was typically
greater than 80%.

The enriched pool of phage-displayed antibodies
was then reformatted to soluble proteins as an
ensemble, and individual clones were randomly
chosen for small-scale expression and semi-auto-
mated purification. The binding parameters for each
Fab protein were evaluated by surface plasmon
resonance. The affinity and amino acid sequences
for individual Fab proteins revealed that the library
robustly produced high-affinity Fabs for all the
targets (Figure 6). Remarkably, the majority (83%)
of clones had a Ky value below 20 nM, and a
substantial proportion (10%) had a K4 lower than
1 nM (Figure 7). Also, the CDR-H3 lengths and se-
quences for these clones were highly diverse,
indicating that our selection procedures rapidly
enrich high-affinity clones without concentrating a
few highest-affinity clones that could otherwise
dominate the enriched pools.

Sequence characteristics of selected Fabs

The large number of unique Fabs selected from
library D for a diverse panel of antigens, together
with the accompanying affinity parameters, consti-
tute a unique database for analyzing contributions of
CDR residues to antigen recognition. The use of a
single framework eliminates complications asso-
ciated with the occurrence of multiple frameworks
and framework mutations in the natural reper-
toire.”>** As references, we determined the sequence
compositions of the naive library and those of the
library after selection for binding to protein A, which
we refer to as the “structure-selected” population,
since protein A binds to a discontinuous epitope on
the Fab framework and selects for correctly folded
molecules.”

In CDR-H1, -H2 and -L3, few positions among
those diversified with restricted amino acid combi-
nations showed significant enrichment or depletion
(Figure 8), indicating that our structure-based
design strategy was effective for choosing diversity
that was both structurally well-tolerated and useful

933
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Figure 7. A histogram of the Ky values for 125 Fab
clones isolated from library D. The K values were binned
into 2 nM intervals. The lowest bin, indicated by an
asterisks (*), includes the K4 values that were estimated to
be lower than 1 nM but not determined accurately. The
data were derived from Fabs D1-D109 (Figures 2(d) and
6), plus 16 unique Fabs that bound specifically to antigens
shown in Figure 6 but were not included in the alignment
due to poor sequence quality.

for antigen recognition. However, biases were
evident at some positions. In CDR-H2, positions 50
and 53 were enriched with Ser or Tyr, respectively,
in the structure-selected clones and even more in the
antigen-specific clones, suggesting differing struc-
tural and functional requirements at these positions.
Interestingly, at position 32 in CDR-H1, Tyr is
enriched or depleted in the structure-selected or
antigen-specific clones, respectively, suggesting a
mismatch between structural and functional require-
ments. In CDR-L3, position-specific Tyr enrichment
depends on the loop length, suggesting the impor-
tance of structural context in Tyr presentation. We
also analyzed the distributions of the three different
loop lengths that were allowed in CDR-L3 but found
no significant changes following selection for bind-
ing to protein A or antigen (Figure 9(a)).

For CDR-H3, we allowed 12 different lengths, and
thus, the numbers of analyzed clones were not
sufficient to detect statistically significant deviations
amongst frequencies of the different lengths. How-
ever, a qualitative assessment reveals that all of the
designed lengths were present in both the naive
library and the structure-selected population, indi-
cating that all of the loop lengths were tolerated
structurally (Figure 9(b)). The antigen-binding
clones used all of the designed CDR-H3 lengths,
except the longest loop length. We also isolated
antigen-binding CDR-H3 sequences (eight, nine
or ten residues long) that were shorter than the
designed range, and in particular, ten-residue
sequences were highly abundant. These short

Figure 6. Sequences and binding parameters of Fabs selected against 14 protein antigens. The Fab sequences are
shown in the same manner as in Figure 2. Targets used were: (a) APC22356; (b) APC23269; (c) APC23371; (d) APC35945;
(e) APC24651; (f) APC24734; (g) APC24755; (h) APC24947; (i) APC35734; (j) APC35946; (k) APC36018; (1) APC23257;
(m) APC24892; and (n), prolactin receptor extracellular domain. Binding parameters (kon, kofr, Kq) were determined from
kinetic analysis of Fabs binding to immobilized antigen measured by surface plasmon resonance. The origins and amino
acid sequences of the MCSG proteins are available [at http://www.mcsg.anl.gov].
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sequences likely arose from mutagenic oligonucleo-
tides produced by incomplete coupling during the
DNA synthesis reaction, and this is consistent with
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the properties of syntheses involving trinucleotide
building blocks, in which each incomplete coup-
ling gives rise to a codon deletion."® These short
sequences were extremely rare in the naive library,
as would be expected for side products of DNA
synthesis, and thus, the enrichment of short, unde-
signed CDR-H3 sequences amongst the antigen-
binding clones suggests that library performance
might be further enhanced by inclusion of shorter
loops in the CDR-H3 design. The need for highly
diverse CDR-H3 loop lengths is underscored by an
analysis of the number of different antigens recog-
nized by each length class (Figure 9(c)). While Fabs
with a 17 residue CDR-H3 loop were able to bind to
the largest number of targets, the length-depen-
dence was not pronounced, suggesting that no
particular length is dominant or superior to the
others.

We also analyzed the amino acid composition of
CDR-H3 in an aggregate manner. The mutagenic
oligonucleotides used for CDR-H3 diversification
were synthesized using trinucleotides encoding for
19 amino acid residues in the following molar ratios:
Tyr (20%), Ser and Gly (15% each), and 16 other
amino acid residues (3.1% each). Sequencing of the
naive library revealed that the actual distribution
was close to the theoretical distribution, although
there were some deviations that likely arose from
differing reaction rates for the different trinucleo-
tides in the DNA synthesis reaction. In particular,
Tyr was over-represented at the expense of Ser and
Gly (Figure 10). In the structure-selected population,
only three amino acid types (Glu, Ile and Val) are
significantly depleted, suggesting the robustness of
our scaffold in accommodating diverse CDR-H3
sequences. Ile and Val may restricc CDR-H3 in an
unstable conformation and/or negatively affect the
folding, because they are both p-branched, hydro-
phobic and known to promote aggregation.’®”” Tle
was also depleted amongst the antigen-binding
sequences, and we speculate that the steric de-
mands of the bulky, p-branched side-chain of this
residue may reduce conformational flexibility in a
manner that compromises both protein folding and
antigen-binding. In contrast, Trp, Arg and Gly were
significantly enriched amongst the antigen-binding
sequences, and these trends are consistent with

Figure 8. Amino acid compositions of antibodies from
library D in (a) CDR-H1, (b) CDR-H2 and CDR-L3 loops of
(c) short, (d) medium or (e) long length. The bar graphs
show the composition at each position for the following
populations: naive (left bar), structure-selected (center
bar), and antigen-binding (right bar). An amino acid
whose composition exhibits statistically significant devia-
tion (an unadjusted p-value<0.05) from the corresponding
value for the naive library is marked with an asterisk (*);
black or white asterisks indicate an increase in amino acid
usage while a red asterisk indicates a decrease in usage.
The data were derived from the following number of
unique clones in each population: naive, 229; structure-
selected, 247; antigen-binding, 109 (Fabs D1-D109 in
Figures 2(d) and 6).
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Figure 9. The length distributions of CDR loops that
were varied in library D. (a) The length distribution of
CDR-L3 in the naive library (white bars), the structure-
selected population (gray bars) and the antigen-binding
population (black bars). (b) The length distribution of
CDR-H3 shown in the same manner as in (a). (c¢) The
number of different targets bound by Fabs plotted as a
function of the length of CDR-H3. The loop lengths were
calculated on the basis of the CDR boundaries defined by
Kabat et al.'> (positions 89-97 or 95-102 for CDR-L3 or
CDR-H3, respectively). The data were derived from
unique clones as described for Figure 8.

previously described properties of protein—protein
interfaces, in which the bulky side-chains of Trp,
Arg and Tyr residues are often involved in inter-
molecular contacts and function as hotspot resi-
dues.” Gly residues are less frequently involved in
direct contacts, but instead, allow for flexibility that
can be crucial for achieving a conformation favor-
able for binding, as observed in the CDR-H3 loop of
Fab-D1 in complex with hVEGF (Figure 4). It is also

noteworthy that Tyr and Ser were maintained in
high abundance amongst the antigen-binding se-
quences, and these results are consistent with a
dominant role for these residues in mediating
antigen recognition.

The small population changes of the other amino
acids suggest that contributions of these amino acids
are target-specific and their population changes are
averaged in our aggregate analysis. It is interesting
that, with the exception of Arg, none of the charged
amino acid types were significantly enriched. These
amino acids may be highly beneficial in making
specific electrostatic interactions, but at the same
time, they can cause detrimental effects when their
charge is not compensated. Together, this statistical
analysis clearly supports the conclusion that heavily
biased amino acid diversity enriched with Tyr, Ser
and Gly is a highly effective solution to designing
an antibody library for protein antigens. Because
this analysis minimizes influence specific to the Fab
framework, we expect that this amino acid composi-
tion will be generally effective for binding interfaces
with similar architectures composed of multiple
loops.

Discussion

By constructing extremely large, but well-defined
synthetic antibody libraries, we were able to explore
the effects of conformational and chemical diversity
on the capacity for antigen recognition. In particular,
the incremental addition of diversity to a minimalist
background allowed for the detection of statistically
significant effects on antibody structure and func-
tion. In comparing the anti-hVEGF antibodies from
libraries A and B, it is clear that the addition of CDR-
L3 diversity does not simply produce further opti-
mization of the same CDR-H3 loop, but rather,
completely alters the nature of the optimal CDR-H3
solution (Figure 2). Thus, CDR-L3 serves to not only
enhance affinity, but also, to determine the types of
heavy chains that are capable of mediating antigen
recognition. Because CDR-L3 is located adjacent to
CDR-H3 (Figure 1), the additional sequence and
length diversity of CDR-L3 alters the context in
which CDR-H3 sequences are presented.

In going from library B to C, the addition of
diversity at non-paratope positions allows for the
use of CDR-H3 loops that differ from those obtained
from either library A or B, suggesting that the
additional conformational diversity within CDR-H3
afforded by these positions may enable the place-
ment of paratope Tyr residues in just the right place
for optimal binding. Thus, it appears that, rather
than fine-tuning a common binding surface, the
incremental addition of diversity in CDR-L3 and
non-paratope residues fundamentally changes the
nature of the antigen-binding site by allowing for the
use of different CDR-H3 solutions in each case. The
practical consequence of these effects is that library C
was able to generate an high-affinity anti-hVEGF
antibody (Fab-C1) with a sequence that is very
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different from the sequences of the numerous lower-
affinity antibodies obtained from libraries A and B.

In going from library C to D, the addition of
chemical diversity dramatically increased the num-
ber of clearly distinct CDR-H3 loops capable of
recognizing hVEGF with high affinity. It is striking
that each of the nine high-affinity anti-hVEGF
antibodies (Figure 2(d)) contain CDR-H3 loops of
different lengths, and there is no obvious sequence
homology amongst them. Structural and functional
analysis of Fab-D1 revealed a crucial role for a Gly
residue in providing a CDR-H3 loop conformation
suitable for high affinity binding. Each of the nine
anti-hVEGF CDR-H3 loops contain Gly residues,
and we speculate that many of these may be required
for the particular conformations of the different
loops, and thus, it appears that the addition of Gly as
a third major component of CDR-H3 was crucial for
affording diverse, high-affinity solutions. The highly
functional nature of library D was confirmed by the
generation of high-affinity antibodies against a large
panel of protein antigens, and again, there was a
striking level of diversity amongst the CDR-H3 loops
in terms of both length and sequence (Figure 6). Gly
is present in the CDR-H3 loops of the vast majority of
these antibodies, often at multiple positions, sug-
gesting that the critical role of Gly is universal. This
view is supported by the high prevalence of Gly in
the CDR-H3 germline genes, where it is second only
to Tyr in terms of overall abundance."”

Most highly fuctional phage-displayed antibody
libraries have been constructed by transferring
natural repertoires into recombinant systems.3%42
Even in the design of synthetic repertoires, con-
siderable effort has been expended on trying to
replicate complex aspects of natural repertoires by
combining natural CDR sequences with synthetic
diversity*® or using numerous combinations of light
and heavy chain frameworks.'® However, our
extensive analysis demonstrates that, despite simple
framework and CDR design, the performance of
library D compares favorably to the most successful
and complex libraries reported to date.*”** These
findings should simplify future antibody engineer-
ing efforts, as they make clear that a single frame-

K LMNPQRSTVWY

Figure 10. (a) The amino acid
distribution in CDR-H3 of antibodies
from library D. The following popu-
lations were analyzed: naive (white
bars), structure-selected (grey bars)
and antigen-binding (black bars).
Only fully diversified positions were
included in the analysis. Statistically
significant deviations (an unadjusted
p-value<0.05) from the naive popu-
lations are indicated with an asterisk.
The data were derived from unique
clones as described for Figure 8.

work with focused CDR diversity can generate high-
affinity antibodies against diverse antigens, without
the need for affinity maturation.

The affinities and kinetic parameters of Fabs
dervied from library D are suitable for most applic-
ations of antibodies as affinity reagents. Clearly, a
HTP is critical for utilizing affinity reagents in pro-
teomic and systems biology applications. As we
demonstrate here, the use of a single framework
greatly streamlines procedures for analyzing and
reformatting Fab clones generated from phage
library sorting, resulting in a higher overall through-
put of the antibody generation pipeline. Further-
more, a modular design makes it possible to
independently tailor the performance of the diver-
sity design for antigen binding and the physico-
chemical and biological properties of the framework.
Importantly, statistical analyses can detect sequence
biases (Figures 8-10) that can be used to further im-
prove library designs by incorporating features
found in stable, functional antibodies.

The HTP procedures developed here (Figure 5)
rapidly enrich high-affinity antibodies. The affinity
of the generated antibodies was tightly clustered
(Figure 7). Automation of phage sorting using
biotinylated targets and solution-based selection
using a magnetic bead handler have made the
process highly reproducible and improved its
throughput. Although chemical biotinylation could
potentially result in the enrichment of antibodies
specific to the modified form of a target, affinity
analysis using unmodified targets (Figure 6) indi-
cates that this is not generally the case. Our
procedures should be applicable to different classes
of antigens, and also, should be readily transferable
to a typical research laboratory. Indeed, we have
adopted them for the isolation of antibodies specific
for structured nucleic acids (J. Ye, J. Piccirilli, F.A.F,,
S.S.5., SK. & A.AK,, unpublished results).

While the focus of this study is on antibody
engineering, our results have general implications
for engineering protein—protein interaction inter-
faces. Development of molecular systems that
produce binding proteins with high affinity and
specificity is the focus of intense research activities.
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Although a large number of molecular scaffolds for
presenting interaction residues have been deve-
loped,” few studies have examined what amino
acid sequence diversity should be introduced at
which positions within a scaffold. Our recent
demonstration of the effectiveness of the Tyr/Ser
binary library on the single-domain fibronectin type
III scaffold implies that, with a sufficient level of
conformational diversity, a combinatorial library
biased towards Tyr and Ser functions well with non-
antibody scaffolds.”> Thus, we believe that our mini-
malist library design strategies and HTP approaches
provide rational guidelines that are generally applic-
able to combinatorial engineering of protein binding
interfaces.

Materials and Methods

Library construction

The construction of libraries A and B has been
described.?° For libraries C and D, a phagemid, designed
to display humanized Fab-4D5 on the surface of M13
bacteriophage in a bivalent format by use of a disulfide
linkage, !4 was modified with four light chain mutations
(D285/N30S/T31S/F53S) and one heavy chain mutation
(S93A). In addition, TAA stop codons were introduced
into all three heavy-chain CDRs. The resulting phagemid
(pF1359) was used as the template to construct libraries, as
described.?’?!*****” Oligonucleotide-directed mutagen-
esis was used to repair the TAA stop codons and replace
CDR positions with degenerate codons encoding the
amino acid compositions shown in Figure 1(b). With the
exception of CDR-H3 in library D, CDR positions were
mutagenized using oligonucleotides synthesized with
standard methods. The highly diverse positions in the
oligonucleotides for mutagenesis of CDR-H3 of library D
were synthesized using a custom Trimer Phosphoramidite
Mix (Glen Research, Sterling, VA) containing codons for 19
amino acid residues in the following molar ratios: Tyr
(20%), Ser (15%), Gly (15%), 16 other natural amino acid
residues excluding Cys (3.1% each).

Selection and characterization of anti-hVEGF Fabs

Phage from the libraries were cycled through rounds of
binding selection with hVEGF coated on 96-well Maxisorp
Immunoplates (NUNC, Rochester, NY) as the capture
target, as described. %’ After five rounds of selection,
phage were produced from individual clones grown in a
96-well format and the culture supernatants were used in
phage ELISAs to detect specific binding clones.”” Clones
that bound to hVEGF but not to bovine serum albumin
(BSA; Sigma-Aldridge, St Louis, MO) were subjected to
DNA sequence analysis. Approximately 100 clones were
sequenced from each library and unique clones were
aligned as shown in Figure 2.

A single-point competitive phage ELISA"” was used to
rapidly estimate the affinities of phage-displayed anti-
hVEGEF Fabs. Colonies of Escherichia coli XL1-blue (Strata-
gene, La Jolla, CA) harboring phagemids were inoculated
directly into 150 pl of 2YT broth supplemented with
carbenicillin and M13-KO7 helper phage (New England
Biolabs, Beverly, MA); the cultures were grown overnight

at 37 °C in a 96-well format. Culture supernatants contain-
ing Fab-phage were diluted fivefold in phosphate-buffered
saline, 0.5% (w / v) BSA, 0.1% (v / v) Tween 20 (PBT buffer)
either with or without hVEGF (100 nM or 1 uM). After 1 h
incubation at room temperature, the mixtures were
transferred to plates coated with hVEGF and incubated
for 15 min. The plates were washed with phosphate-
buffered saline, 0.05% (v/v) Tween 20 and incubated
30 min with horse radish peroxidase/anti-M13 antibody
conjugate (1:5000 dilution in PBT buffer). The plates were
washed, developed with 3,3’,5,5"-Tetramethyl-benzidine/
H,0, peroxidase substrate (Kirkegaard & Perry Labora-
tories), quenched with 1.0 M H3PO,, and read spectro-
photometrically at 450 nm. For each clone, the percentage
of Fab-phage uncomplexed with solution phase hVEGF
was calculated by dividing the Aysp in the presence of
hVEGEF by the A5 in the absence of hVEGF.

For kinetic analysis, high-affinity Fab proteins were
purified from E. coli as described.*® Binding kinetics were
determined by surface plasmon resonance using a
BIAcore™-3000 with hVEGF immobilized on CM5 chips
at ~500 response units, as described.”" Serial dilutions of
Fab proteins were injected, and binding responses were
corrected by subtraction of responses on a blank flow cell.
For kinetic analysis, a 1:1 Langmuir model of global
fittings of ko, and koi was used. The K4 values were
determined from the ratios of k,, and k.

Shotgun scanning of anti-hVEGF Fabs

The shotgun scanning analyses®® were carried out as
described.?” Each Fab was displayed on the surface of M13
bacteriophage by direct fusion of the heavy chain to the
C-terminal domain of the M13 gene-3 minor coat protein.
The light chain was expressed independently with an
epitope tag (amino acid sequence: MADPNRFRGKDLGG)
fused to the C terminus. A library was constructed in
which the CDR-H3 loop was randomized with degenerate
codons encoding for only the wild-type and a single
mutation, as describe for Figure 3. The library was
subjected to two independent selections for binding to
either hVEGF (antigen selection) or an anti-epitope tag
antibody (display selection) immobilized on Maxisorp
immunoplates. Following two or three rounds of display
or antigen selection, respectively, approximately 100
binding clones were sequenced and analyzed with the
program SGCOUNT,?® as described.?”” SGCOUNT aligned
each unique DNA sequence against the wild-type DNA
sequence and tabulated the occurrence of wild-type and
mutant at each position. The F value for each mutation
was derived by dividing the antigen selection wild-type/
mutant ratio by the display selection wild-type/mutant
ratio, to correct for biases in display levels. The F value
provides a quantitative estimate of the effect of each
mutation on the binding affinity of Fab for hVEGEF;
deleterious effects are indicated by F values greater
than 1.

Crystallization, structure determination and
refinement

For large-scale preparation of Fab-D1 protein, whole cell
broth was obtained from a 10 1 E. coli fermentation. The
cells were lysed with a Manton-Gaulin homogenizer. The
suspension was centrifuged, the supernatant was loaded
on a protein A-Sepharose column (Pharmacia), and the
column was eluted with 0.1 M acetic acid. The pH was
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adjusted to pH 4.0 with 1.0 M Tris (pH 8.0) and the eluant
was loaded on a SP-Sepharose column (Pharmacia). The
column was washed with equilibration buffer (20 mM Mes
(pH 5.5)) and Fab protein was eluted with a NaCl gradient
in equilibration buffer.

The complex between Fab-D1 and the receptor-binding
fragment of hVEGF was formed and purified, as des-
cribed.*® The complex (in PBS, 25 mM EDTA) was
concentrated to an optical density of A,g0=10. Hanging-
drop experiments were performed using the vapor-
diffusion method with 10 pl drops consisting of a 1:1
ratio of protein solution and reservoir solution. The
reservoir solution was 0.2 M ammonium sulfate, 25%
(w/v) PEG 3350, 0.1 M Hepes (pH 7.5). After one to two
weeks at 19 °C, plate or spindle-shaped crystals grew.

Crystals were incubated in reservoir solution supple-
mented with 25% (v/v) glycerol prior to flash freezing. A
data set was collected from a single frozen crystal at the
beam line 5.0.2 of the Advanced Light Source (Berkeley,
CA). The data were processed using the programs
DENZO and SCALEPACK.* Crystals belonged to space
group P2; (cell parameters of a=1545 A, b=90.2 A,
c=205.6 A and p=90.85°), with four complexes, each
composed of one hVEGF homodimer bound to two Fab-
D1 molecules, in the asymmetric unit. The structure was
solved by molecular replacement using the program
AMoRe™ and the coordinates of a previously solved
Fab-hVEGF complex (PDB entry 1BJ1). The model was
manually adjusted using program O’ and refinement was
performed with program REFMAC™ using tight 8-fold
non-crystallographic symmetry restraints.

HTP sorting of library D

Purified target proteins were generous gifts of Drs Hui
Li, Frank Collart and Andrzej Joachimiak at the MCSG,
the Argonne National Laboratory. Proteins that contain a
free Cys were first carboxymethylated by incubation
overnight with 10 mM iodoacetic acid (pH 8.0). Target
proteins were biotinylated using sulfosuccinimidyl
2-(biotinamido)-ethyl-1,3-dithiopropionate (EZ-Link
Sulfo-NHS-SS-Biotin; Pierce Biotechnologies). Conditions
were adjusted in such a way that one to two biotin
molecules were attached per protein molecule, as
determined by reversed-phase chromatography. Typical
reaction solution contained 1 mg/ml protein in 50 mM
Mops-NaOH buffer (pH 7.0) and 0.1 mg/ml of biotinyla-
tion reagent, and the reaction was performed for 45 min
at room temperature. The reaction was quenched by an
addition of concentrated Tris buffer. The modified pro-
teins were dialyzed against TBS (150 mM NaCl, 50 mM
Tris-HCl (pH 7.5)).

For the first round of binding selection, biotinylated
target (0.1 nmol) was adsorbed to a sufficient quantity of
Streptavidin MagneSphere Paramagnetic Particles (Pro-
mega) and then free streptavidin was blocked with biotin.
After washing the magnetic beads, 1 ml of phage library
solution (10'*-10"® colony-forming units (cfu)) was added.
After incubating at room temperature for 15 min, the
phage solution was discarded and the beads were washed
twice with TBST (TBS, 0.5% Tween 20) utilizing a magnetic
tube stand. The captured phages on the magnetic beads
were used directly to infect E. coli XL1-Blue cells, and
phages were amplified as described.”*

In the second round, 20 ul of amplified phage solution
was mixed with 50 nM biotinylated target in a total
volume of 100 pl. After 15 min incubation, the biotinylated
target was captured using streptavidin magnetic beads.

After a total of five washing steps with 100 pl TBST (20 s
per step), the captured phages were released from the
beads by cleaving the disulfide linkage in the biotinylation
reagent with 100 mM DTT in 20 mM Tris (pH 8.0) for
10 min. These processes were performed using a King-
fisher instrument (Thermo Scientific). Recovered phages
were then amplified.

The third round was performed in the same manner as
the second round except that the target concentration was
reduced to 10 nM. An additional fourth round of selection
was performed to evaluate successful enrichment of
binding clones. In this round, amplified phage were tested
in two separate sorting experiments, one with 10 nM of a
biotinylated target and the other with no target (i.e.
negative control). Recovered phage were titered and the
enrichment ratio was determined as the number of phage
from the target-containing selection over the number of
phage from the control selection. If a significant enrich-
ment ratio (>20) was observed, the phages amplified after
the third round were used for analysis of individual
clones, as described below. If the enrichment ratio was
low, the output of the fourth round was used for an
additional round of evaluation. In all cases, we obtained a
significant enrichment ratio after a total of three or four
rounds of sorting.

HTP affinity characterization of Fabs

The phagemid DNA from an enriched Fab pool was
purified as a mixture and used as the template for the
Kunkel mutagenesis method”" to introduce a Hisg tag
and a stop codon after the heavy chain constant domain.
Twelve clones per target were randomly picked and used
to transform E. coli 34B8. The transformants were grown
in 0.5 ml of the CRAP media (27 mM (NH,4),SOy, 2.4 mM
sodium citrate-2H,O, 14 mM KCl, 54 g/liter yeast
extract, 5.4 g/liter HyCase SF Casein, 0.11 M Mops—
NaOH buffer (pH 7.3), 0.55% (w/v) glucose and 7 mM
MgSO,) supplemented with 100 pg/ml of ampicillin in a
96-deep well plate. The culture was lysed using B-PER
(Pierce Biotechnologies) supplemented with hen egg
lysozyme (0.3 mg/ml; Sigma) and deoxyribonuclease I
(0.1 mg/ml; Sigma), and the Fab proteins were purified
with NiNTA-magnetic beads (Dynal/Invitrogen) using a
Kingfisher instrument. Briefly, the crude lysate was
incubated with the beads with mixing for 40 min,
washed twice with 50 mM Tris-HCI buffer (pH 8.0)
containing 500 mM NaCl and 20 mM imidazole (5 min
each), and the protein was eluted with 50 mM Tris—-HCl
buffer (pH 8.0) containing 500 mM NaCl and 500 mM
imidazole. Surface plamson resonance experiments were
performed using a BIACORE 2000 instrument. The
purified protein samples were diluted 20-fold to reduce
the imidazole concentration. An Fab sample (20 ul) was
injected onto a Ni-NTA sensor chip and the association
and dissociation kinetics of 300 nM antigen (20 pl) was
monitored using a flow rate of 5 ul/min. Sensorgrams
were analyzed in terms of the 1:1 binding reaction.
The amino acid sequences of Fab clones that exhibited
significant binding were then determined by DNA
sequencing.

Protein Data Bank accession number

The coordinates and structure factors for the FabD1:
hVEGF complex have been deposited in the RCSB Protein
Data Bank with the assigned accession code 2QR0.
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