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The rugged protein sequence—function landscape complicates efforts, both
in nature and in the laboratory, to evolve protein function. Protein library
diversification must strike a balance between sufficient variegation to
thoroughly sample alternative functionality versus the probability of mutant
destabilization below an expressible threshold. In this work, we explore the
sequence—function landscape in the context of screening for molecular
recognition from an Ig scaffold library. The fibronectin type III domain is
used to explore the impact of two sequence diversification strategies: (a)
partial wild-type conservation at structurally important positions within the
paratope region and (b) tailored amino acid composition mimicking
antibody binding-site composition at putative paratope positions. Struc-
turally important positions within the paratope region were identified
through stability, structural, and phylogenetic analyses and partially or
fully conserved in sequence. To achieve tailored antibody-like diversity, we
designed a set of skewed nucleotide mixtures yielding codons approxi-
mately matching the distribution observed in antibody complementarity-
determining regions without incurring the expense of triphosphoramidite-
based construction. These design elements were explored via comparison of
three library designs: a random library, a library with wild-type bias in the
DE loop only and tyrosine-serine diversity elsewhere, and a library with
wild-type bias at 11 positions and the antibody-inspired amino acid
distribution. Using pooled libraries for direct competition in a single tube,
selection and maturation of binders to seven targets yielded 19 of 21 clones
that originated from the structurally biased, tailored-diversity library
design. Sequence analysis of the selected clones supports the importance
of both tailored compositional diversity and structural bias. In addition,
selection of both well and poorly expressed clones from two libraries further
elucidated the impact of structural bias.

© 2010 Elsevier Ltd. All rights reserved.
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The design and construction of synthetic combi-
natorial libraries are critical for the development of
alternative scaffolds for molecular recognition’ as
well as high-throughput approaches to antibody
engineering such as those required for proteomic
applications.” The immensity of protein sequence
space and the limited capacity of laboratory
selection methods necessitates efficient library de-
sign in which the diversities at each position com-
bine to yield a population of clones that maintain
structural integrity while imparting a wide array of
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binding specificities. Study of library design and
construction enable more efficient selection of high-
affinity binders from a variety of scaffolds.

A particularly effective alternative scaffold is the
tenth type ITT domain of human fibronectin (Fn3).>*
Fn3 is a small (10 kDa), stable B-sandwich devoid of
cysteines that can be readily produced in bacteria,
thereby providing numerous advantages over
antibodies and other scaffolds that lack these
attributes. The BC, DE, and FG loops of Fn3, which
are structurally analogous to the complementarity-
determining regions (CDRs) of antibodies, have
proven to be an effective region to diversify for
the generation of molecular recognition domains.
We sought to develop an improved Fn3 library
design through incorporation of two key features:
wild-type conservation of residues that are struc-
turally critical and/or are less likely to contribute
to the desired binding interaction, and tailored
amino acid diversity biased to functional amino
acids.

Despite their location in the BC-DE-FG loop
region of Fn3, some residues may be critical to the
conformational stability of the protein fold. Thus,
conservation at structurally critical positions may (a)
increase the quantity of potentially functional clones
by reducing the frequency of unfolded or highly
unstable clones and (b) increase the quality of
functional clones by enabling diversity to be focused
where it is more likely to contribute to the binding
interaction, yielding a more efficient search of
sequence space. Moreover, conservation of such
critical positions may produce a library population
with higher average stability. Stabilization increases
the robustness of binders in biotechnology applica-
tions such as the stringent washing steps of
purification and detection. Stability can impede
degradation and aggregation of in vivo diagnostics
and therapeutics, thereby maintaining potency and
aiding in the prevention of an immune response.
Also, stabilization enhances the tolerance to muta-
tion, which increases the capacity for evolution.”
Lastly, enthalpic stabilization may reduce excessive
paratope flexibility, which could otherwise diminish
the favorable free-energy change upon binding
due to a higher entropic cost upon complex forma-
tion. Here, we use stability, structural, and sequence
analyses to identify conserved sites in Fn3 that
benefit library design.

Early library designs commonly used NNB or
NNS/NNK randomized codons to approximate an
equal distribution of all amino acids.® Yet not all
amino acids are equivalent in their ability to
provide physicochemical complementarity for mo-
lecular recognition, and so a tailored amino acid
composition may be more effective. Sidhu and
colleagues have investigated this hypothesis and
demonstrated the utility of a tyrosine/serine library
as well as the unique efficacy of tyrosine to mediate
molecular recognition in antibody fragments.”” A
tailored antibody library with elevated tyrosine,
glycine, and serine and low levels of all other amino
acids except cysteine was superior to a tyrosine/

serine library in the isolation of binders to human
vascular endothelial growth factor.'® A 40% Y, 20%
S, 10% G, and 5% each A, D, H, L, N, and R library
was used with the Fn3 scaffold to yield a 6 nM
binder to maltose-binding protein!! and a novel
“affinity clamp” for peptide recognition,'” although
the effectiveness of this library was not directly
compared to alternate designs. In a comparison of
single clones, this maltose-binding protein binder
exhibits 5.3+1.3-fold higher affinity than the top
tyrosine/serine clone, and structural comparison to
a similar tyrosine/serine clone reveals the benefit of
conformational flexibility achieved through ex-
panded diversity.!' Direct competition of full
diversity and tyrosine/serine diversity libraries in
the Fn3 domain was found to be dominated by a
full diversity library for selection of high-affinity
binders to goat and rabbit immunoglobulin G.13
Thus, although tyrosine/serine may provide ample
diversity for binding, an expanded repertoire
enables higher complementarity. The expanded
repertoire can be effectively utilized with an
efficient library design and/or affinity maturation
scheme. The aforementioned biased distributions
were created by oligonucleotide synthesis with
custom trimer phosphoramidite mixtures.'* The
current study investigates the ability to create a
desired distribution via inexpensive skewed nucle-
otide mixtures. In particular, the amino acid
distribution in human and mouse CDR-H3 loops
is effectively mimicked. We demonstrate, using
selection to seven targets, that a new library
incorporating selective conservation and tailored
diversity is superior to both an unbiased library
with approximately equal amino acid diversity and
a tyrosine/serine binary code library. This library
enabled the generation of binders to a multitude of
targets with potential applied utility.

Results

Fn3 surface display and stability

We used yeast surface display for efficient stability
analysis of Fn3 clones. Although multiple factors,
including stability, solubility, and gene expression,
can impact protein expression, it has been demon-
strated that the number of displayed single-chain
T-cell receptors'® per yeast cell and the yield of
yeast-secreted bovine pancreatic trypsin inhi-
bitor'®!” correlate with protein stability. To validate
the display—stability correlation for Fn3, we created
yeast surface display vectors of binders to vascular
endothelial growth factor receptor 2 spanning a
range of stabilities: free energies of unfolding from
3.8 to 7.5 kcal/mol and midpoints of thermal
denaturation of 42 to 84 °C.'" Clonal cultures of
yeast were grown at 30 °C, Fn3 expression was
induced at 37 °C, and surface expression of Fn3
was quantified by flow cytometry (Supplementary
Fig. 1a). The clones exhibit a positive correlation
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between display and stability spanning a substantial
display range between the least and most stable
clones (Fig. 1a), thereby validating this technique for
stability comparison.

This validated approach was used to explore
domain stabilization via single-site wild-type con-
servation in the context of a diverse library. To
quantify this impact, we constructed a series of
libraries: one library with fully diversified BC, DE,
and FG loops and multiple libraries of this same
design except for wild-type conservation at a single
position of interest. The libraries were transformed
into a yeast surface display system and the amount
of Fn3 displayed upon induction at 37 °C was
quantified by flow cytometry. Eleven of 14 positions
studied, as well as a multisite library, exhibit
improved display with wild-type conservation.
Conservation of amino acids A26, V27, and T28
increased display but not to a statistically significant
degree (Fig. 1b).

a
@ .,
1.0 4 B
>
2]
o 081
@
a
= ] of
2
5 04 bt
] -
0.2 4
0.0 . ! . .
3 4 5 6 7 8
(b) AG [kecal/mol]
300%
E
L 280%
o
|-|-— 0,
L 80%
§ 60%
o
2 40%
>
5 20%
K]
o 0%
'§98§&&R§$?%$RER’§£
-'n«n.<>l—>%cﬂ—®u:0mm
a

Fig. 1. Yeast surface display of Fn3 clones and
analytical libraries. Yeast clones or libraries were grown
to logarithmic growth phase at 30 °C. Expression of
Aga2p-Fn3 was induced at 37 °C. Fn3 display level was
quantified by flow cytometry using mouse anti-c-myc
antibody and anti-mouse antibody—R-phycoerythrin con-
jugate. (a) The extent of Fn3 display of VEGF-R2 binders
was measured, normalized to wild-type Fn3, and com-
pared to the previously determined free energy of
umfolding.]8 (b) Libraries were created with full diversity
in the BC, DE, and FG loops except maintenance of wild
type at the position indicated. The fractional improvement
in display was calculated as the mean phycoerythrin
fluorescence of the singly conserved library minus that of
the fully diversified library and normalized to the fully
diversified fluorescence.

Solvent-accessible surface area

The solvent-accessible surface area (SASA) of each
candidate diversified position was calculated with
GetArea'® for wild-type Fn3 (solution structure
ITTG® and crystal structure 1FNA®') and an
engineered binder (20BG*?). Despite their presence
in previously diversified loop regions, the side
chains of D23, A24, P25, V29, G52, and S85 are
relatively inaccessible; peripheral residues W22,
Y32, A57, T76, and P87 are also buried (Fig. 2).
Conversely, the amino acids in the middle of each
loop are relatively exposed, supporting the ability of
these sites to be diversified while maintaining the
correct fold. This information was combined with
the phylogenetic analysis described below and
surface expression studies described above to
identify sites for diversification.

Fn3 phylogenetic analysis

The mutational flexibility of each position was
further explored through phylogenetic sequence
analysis. The type III domains of fibronectin in
chimpanzee, cow, dog, horse, human, mouse,
opossum, platypus, rat, and rhesus monkey were
aligned, and the relative frequency of each amino
acid was determined (Fig. 3). The peripheral residues
W22, Y32, P51, A57, and P87 are well conserved;
however, T76 is variable. Other sites exhibiting
conservation threefold above random are A24
(22%), P25 (62%), V29 (25% as well as 43%
isoleucine), G52 (25%), S53 (23%), S55 (27%), G77
(21%), G79 (19%), and S85 (66%); also note that T56 is
12% conserved with 51% of the homolog serine.
Thus, the BC loop exhibits conservation of its
peripheral hydrophobic residues except Y31. The
DE loop, except for the central lysine, is well-
conserved. The FG loop has a trend toward glycine
from G77 to G79 and two highly conserved sites near
the C-terminus.

Published sequences of engineered binders were
analyzed similarly, although in this analysis amino
acid frequencies must be compared to expected
frequencies on the basis of variable library designs
(Supplementary Fig. 2). Wild type is present at least
twice as often in binders as in the naive library at
three positions: P25 (15% in binders versus 5% in
libraries), G52 (26% wversus 13%), and G79 (17%
versus 5%). In addition, three positions yield
substantial enrichment of homologs: alanine at V29
(20% versus 6%), threonine at S55 (25% wversus 6%),
and serine at T56 (28% versus 11%).

Library design

Stability, accessibility, and sequence analyses
(summarized in Table 1) were used to determine
the degree of diversification desired at each position.
For example, proline at position 25 significantly
stabilizes the library, is essentially inaccessible to
solvent, and is highly conserved in the type III
fibronectin domains of mammals. Thus, the new
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Fig. 2. Side-chain solvent accessibility. The SASA was calculated for each residue using GetArea'” with a 1.4 A probe.

The SASA of each side chain in the solution (1TTG*” and crystal (IFNAZD

structures of wild-type Fn3 and an engmeered

binder (20BG?? were normalized by the SASA of the side chain in a random coiled peptide. The fibronectin domain is
presented using 1TTG with the residues in the loop regions (W22-Y32, P51-A57, T76-P87) color-coded according to the

mean value of the accessibility ratios for the three cases.

library was heavily biased toward proline at this
position. Conversely, the adjacent alanine at posi-
tion 26 does not significantly stabilize the library, is
highly accessible, and exhibits essentially no con-
servation. As a result, this position was fully
diversified in the new library design.
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Fig. 3. Phylogenetic sequence analysis. The amino acid
sequences for the type III domains of fibronectin in
chimpanzee, cow, dog, horse, human, mouse, opossum,
platypus, rat, and rhesus monkey were aligned. The
amino acid frequency at each position is presented in an
intensity scale in each column. The wild-type human
sequence for the tenth type III domain is presented at the
top of each column (W22-Y32, P51-A57, T76-P87). The x
in the BC loop corresponds to an amino acid present in
other domains that is not present in the human tenth type
III domain. The outline around S81-S84 represents rare
positions because most type III domains contain shorter
FG loops.

Along with conservation bias to maintain struc-
tural integrity and focus diversity on positions better
suited for molecular recognition, it was desired to
bias the diversity to amino acids of potential
functional significance in molecular recognition.
Tyrosine has demonstrated unique utility in molec-
ular recognition.””” Glycine provides conformational
flexibility. Serine and alanine are valuable as small,
neutral side chains. Acidic residues, arginine, and
lysine prov1de charge, although recognition utility is
unclear.”® Other side chains may provide ideal
complementarity in less frequent situations. Thus,
it would appear that the ideal diversity contains high
levels of tyrosine, glycine, and serine and/or alanine
as well as small levels of all other amino acids. For
the particular amino acid distribution, we sought
guidance from natural molecular recognition. The
amino acid distribution in CDR-H3 matches the
desired diversity and was used as the library design
model (Fig. 4). Each position was designed to
incorporate the desired level of wild-type conserva-
tion and to match the antibody CDR-H3 repertoire in
the nonconserved portion of the distribution. The DE
loop is a slight exception because a very surrular
design was previously validated as effective.”® In
this loop, G52, S53, S55, and T56 are highly
conserved with wild type at 50% frequency and
unbiased distribution of all other amino acids. The
lack of antibody-inspired bias in this loop is of
limited detriment because of the high degree of
conservation of the wild-type amino acids. Multiple
loop lengths selected on the basis of phylogenetic
occurrence,” are included in each loop. The resul-
tant library design is summarized in Table 1.

Library construction
Although trimer phosphoramidite library con-

struction enables precise creation of unique amino
acid distributions, this approach is expensive with
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Table 1. Fn3 library design summary

Sequences
Pos. WT Access. Stability Native Binders Library design
BC loop
22 W 1 — 100% W — Wild type
23 D 35 25+0% 5% D+14% E 1.0x Ab div. (10% D)
24 A 32 26+2% 22% A+12% S 0.4x 8% A+Ab div.
25 P 10 30+4% 62% P 2.7x 42% P+ Ab div.
26 A 75 16+11% 7% A 0.7x Ab div.*
27 \4 57 5£1% 14% V 0.4x Ab div.*
28 T 75 12+11% 12% T 1.6% Ab div.*
29 \ 3 33+2% 25% V+56% I+L 0.6x (3.2xA) 25% AILISIV
30 R 49 — 6% R 1.1x Ab div.
31 Y 43 — 6% Y, 62% G — 50% S, 50% Y
32 Y 1 — 75% Y — Wild type
DE loop
51 P 79 — 31% P — Wild type
52 G 12 37+4% 25% G 2.0% 49% G
53 S 83 — 23% S+14% T 1.0x 50% S
54 K 64 — 6% K 3.6x NNB div.*
55 S 41 — 27% S+26% T 1.6x (4.2xT) 50% S
56 T 48 31+11% 12% T+51% S 0.8x (2.6xS) 49% T
57 A 8 — 32% A — Wild type
FG loop
76 T 8 — 7% T — Wild type
77 G 48 27+1% 21% G 0.7x 12% G+ Ab div.
78 R 81 18+0% 12% R 1.5% Ab div.
79 G 77 38+13% 19% G 2.7x 12% G+ Ab div.
80 D 74 — 7% D+48% E 1.9x Ab div.*
81 S 69 — Rare 0.7x Ab div.*
82 P 76 — Rare 1.5% Ab div.*
83 A 81 — Rare 0.6x Ab div.*
84 S 54 52+14% Rare 0.5x Ab div.*
85 S 14 32+0% 66% S 1.2x 100% S
86 K 88 — 12% K 1.5x% Ab div.
87 P 40 — 74% P — Wild type

“Pos.” and “WT” are the amino acid position and residue in the human wild-type 10th type IIl domain, respectively. “Access.” is the ratio
of SASA for the residue in the fibronectin domain compared to the residue in a random coiled peptide. “Stability” is the relative increase
in yeast surface display level of a library with wild-type conservation at the position of interest. “Native” indicates the frequencies of the
indicated amino acids in type III fibronectin domains of 10 species. “Binders” indicates the enrichment of wild-type (or homolog as
indicated) in engineered binders relative to the naive frequency. “Library design” indicates the intended amino acid distribution in the
new library. “Ab div.” is the designed amino acid distribution that mimics antibody CDR-H3. An asterisk indicates the location of loop

length variability.

the inclusion of multiple specialty codon mixtures.
As an inexpensive alternative, we employed stan-
dard oligonucleotide synthesis using custom mix-
tures of skewed nucleotides at each position. The
optimal set of three nucleotide mixtures was
determined for each codon as follows. All possible
sets of nucleotide mixtures with each component at

5% increments were filtered to select only those that
closely match the desired levels of wild type and
tyrosine and reasonably match glycine, serine,
aspartic acid, alanine, and arginine; these amino
acids are the most frequent in antibody CDR-H3**
and are functionally diverse. Sample protein librar-
ies were then produced in silico from the amino acid

0, 4
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O Tyr/Ser

O CDR-H3

B Skewed Des.
m Skewed Seq.
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Fig. 4. Amino acid distributions.
The frequencies of each amino acid
in multiple distributions are pre-
sented. NNB refers to a degenerate
codon with 25% of each nucleotide
at the first two positions and 33% of
C, T, and G at the third position.
Tyr/Ser refers to an even mix of
i tyrosine and serine. CDR-H3 refers
to the expressed human and mouse
CDR-H3 sequences.”* Skewed Des.

refers to the theoretical distribution attainable using skewed oligonucleotides. Skewed Seq. refers to the distribution

attained experimentally using skewed nucleotides.
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probability distributions resulting from the sets of
nucleotide mixtures. The library calculated to be
most likely to be produced from the intended
distribution (i.e., the antibody repertoire with the
appropriate wild-type bias) was selected as optimal.
This process was repeated for each position in the
library. In general, these skewed nucleotide mix-
tures provide good matches to the desired amino
acid distribution (Fig. 4). The two exceptions are
decreased levels of glycine and elevated cysteine.
Since the latter two positions in a cysteine codon
(TGT or TGC) are shared by glycine (GGN), it is not
possible to create high levels of glycine without also
yielding high levels of cysteine unless TNN codons
are depleted, which depletes tyrosine. Thus, a
compromise is reached with 6% glycine and 10%
cysteine. Although this incorporates a relatively high
level of cysteine, library design still yields many
cysteine-free clones; moreover, interloop disulfide
bonds are a potentially advantageous element.”

Fn3 genes were constructed by overlap extension
PCR of partially degenerate oligonucleotides. Trans-
formation into yeast by electroporation with homol-
ogous recombination yielded 2.5x 10° transformants.
Sequencing and flow cytometry analysis indicate
60% of clones encode for full-length Fn3, resulting in
1.5x10® Fn3 clones. Sequence analysis reveals that
the skewed nucleotides accurately match their
intended distribution (Fig. 4). The library is termed
G4, as it is the fourth generation Fn3 library created
in our laboratory after the two-loop, single-length
BF14 library,*® ‘the three-loop, length-diversified
NNB library,25 and the three-loop, DE-conserved
tyrosine/serine library YS."?

Library comparison

The new G4 library design was compared to a
nonconserved, full-diversity library (NNB)*® and a
library with wild-type conservation in the DE loop
only and tyrosine/serine diversity (YS)'® (Table 2).
The libraries were pooled for comparison and tested
for their ability to generate binders to seven targets:
human A33, mouse A33, epidermal growth factor
receptor (EGFR), Fcy receptors IIA and IIIA
(FcyRIIA and FcyRIIIA), mouse immunoglobulin
G (mlIgG), and human serum albumin (HSA). The
naive library was sorted by magnetic bead
selections,”” and lead clones were diversified by
error-prone PCR on the full Fn3 gene and shuffling
of mutagenized Fn3 loops.”> Multiple rounds of
diversification and selection, by magnetic beads and

Table 2. Library design

ultimately flow cytometry (Supplementary Fig. 1b),
were performed to yield binders to each target, as
described previously.” Sequence analysis of each
binding population revealed that 19 of 21 binders
originated from the G4 library, while two clones
were likely of NNB origin and no YS clones were
identified (Table 3 and Fig. 5). Given the comparable
number of clones in the naive libraries, this result
indicates that G4 is a library design superior to both
NNB and YS for the selection of protein binders. In
other words, the abundance of selectable sequences
with the desired functionality is significantly higher
in the G4 population, by direct experimental
comparison to the NNB and YS populations.

Sequence analysis reveals that wild-type bias is
approximately maintained or perhaps slightly re-
duced in the BC and FG loops of binders, while the
strong bias at G52, S55, and T56 is slightly reduced
but still highly frequent (Fig. 6a). It is noteworthy
that in addition to 21% occurrence at G79, glycine is
present at 16% at position 80. At position 29, equal
amounts of alanine, leucine, serine, and wild-type
valine were included in the naive library; in binders,
the smallest available side-chain, alanine, is present
at 37%, while the largest side-chain, leucine, occurs
with only 11% frequency. Cumulative analysis of
amino acid frequency at positions without wild-type
bias indicates maintenance of the preferentially high
levels of tyrosine, serine, glycine, aspartic acid, and
arginine (Fig. 6b). Conversely, cysteine and histi-
dine, which were included at higher frequency than
intended because of their codon similarity to
tyrosine, are present at reduced levels in binders.
Eight of 19 (42%) G4-based binders are cysteine-free
as compared to 19% in the naive library. Interest-
ingly, only three clones (15%) have a single cysteine
as compared to a naive 33%, whereas seven clones
(35%) contain two cysteines (26% in the naive
library). A single clone has four cysteines. Thus, a
strong selective pressure exists against unpaired
cysteines; this occurs despite the potential for lone
cysteine side chains to covalently bind the target
protein. Of particular interest, six of the seven two-
cysteine clones contain cysteine residues in identical
or adjacent loops at proximal positions, suggesting
feasible disulfide bonding, which can stabilize the
domain.”® Thus, both wild-type bias and tailored
diversity were effective in producing an effective
library. Additional engineering campaigns and
sequence analysis will improve the statistical signif-
icance of these trends and guide further library
improvement.

Library Loop diversity Biased positions Full-length Fn3s
NNB Full diversity (NNB codons) None 0.7x108
YS 50% Y, 50% S 52,53, 55, 56 1.5%10°
G4 Antibody based (18% Y, 10% S, ...) 23,24, 25,29, 31, 52, 53, 55, 56, 77, 79, 85 1.5x10°

“Loop diversity” indicates the library of codons included at positions without wild-type bias. “Biased positions” indicates positions
within the diversified loops (23-31, 52-56, 77-86) that are biased toward wild-type. “Full-length Fn3s” indicates the library size, that is,
the number of yeast transformants that encode for full-length Fn3 domains.




Table 3. Engineered binder sequences

Name Target 23 24 25 26 27 28 — 29 30 31 52 53 54 55 56 77 78 79 80 81 8 8 84 8 86 Framework Kqg M) Ty (°C)
WT — D A P AV T — V R Y G S K S T G R G D s P A S S K — — 85.7
E4.2.1 EGR Y G F s L — — A S S R S P W F S N D F S N R Y S G — 30+3 56.2
E6.2.6 EGR F D Y A — — — V T Y G W I S T D N S H W P F R S T 190T 0.26+0.13  65.7
E6210 EGFR Y L R D P R Y V D Y W Y L P E Y D G Y R E S T P L — 0.960.11 —
Ell41 EGFRR Y G P F Y Y V A H S R S P W F s K C Y D G — — S V — 0.85+£050  52.8
E246 EGFR Y H P F Y Y V A H S R § P W F D S N G — — — — S H — 2.9+0.3 63.9
EB42 EGFR Y G S S Y — — A S Y R S P W F P S G I — — — — S A T581 9.5+3.5 —
EB43 EGFR L H H R S D — V R S G § R §$ L W G S Y € C€C — — S N E47K 0.25+£0.05  72.8
EM442 EGFR Y F R D P R Y V D Y W Y L P E G D D Q N A — — G L V45A 1.4+0.2 70.2
Ma826 Feyla C T H L H — — W D Y A L C P G V G G D — — — — D W RéGT35F V724, 850 —
1885, K98E

Ma626 Feylla D M P F — — — S D S G T D S L S S G S N — — — S Y AI2V,S2IN,T3HA 530 —
hA221 hA33 Y C¢C P D G C H S Y Y R s I § S F R W P — — — S F — — —
hA222 hA33 N T Y F S F — L Y Y $ S L H T G T W P — — — — S Y — — —
hA321 hA33 S Y S S Y N S W bD S N § D C¢C I R D C D F Y — — S Y Y32F — —
hA322 hA33 Y Y H L R G — L D S R § Y S T V N D Y I — — — S Y S21GQ46KT49A — —
mA321 mA33 S S S L Y N — S A Y v WD C T P N Y S F — — — S L Y32F — —
mA322 mA33 ¢ ¢ L F F — — S G Y G L VY WDNV G — — — — § N 190V — —
mA323 mA33 S F P C V — — S S S G D T T S S T C Y P — — — S Y — — —
mA324 mA33 S ¢ P I C P R A T S A T — S S D Q G Y D D — — § A 134V — —
mA325 mA33 Q C H Y Y Y — A Q S S s K § T Y N W F L D S VvV § 1 Al2V — —
Ab321 hA G A P A C — — A A Y G S G T S S R Y Y Y C — — S E — — —
m221 mgg C€C €C S D N C — S N S R § ¢ F M D S N G — — — — P H V72A 4.1+0.7 —

“Name” is the name of each clone. “Target” is the cognate protein bound by the Fn3 clone. 23-31, 52-56, and 77-86 refer to the amino acid positions diversified in the naive library. “Framework” refers to
amino acid mutations outside of the diversified loops. A dash indicates no amino acid. Underline indicates wild-type amino acid.
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Fig. 6. Analysis of binder sequences for presence of
biased amino acids. The 19 binders from the G4 library
were aligned and analyzed. (a) The wild-type frequency at
each position with wild-type bias is indicated. (b) The
amino acid frequency at positions without wild-type bias is
indicated. Native indicates phylogenetic frequency in CDR-
HB3. Design indicates the frequency in the G4 library design.
Binder indicates the frequency in sequenced binders. The
error bars represent a single standard deviation calculated
as the square root of the counted amino acid occurrences
divided by the total number of sequences.

sequenced clone.

The effect of wild-type bias and tailored diversity
on domain stability was analyzed. The NNB, YS,
and G4 libraries were independently induced for
yeast surface display at elevated temperature
(37 °C). The G4 library exhibits 76+40% higher
average display than the NNB library (Fig. 7),

(a)
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0.6 1

0.4 1

Fn3 Display
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0.0 -

WT NNB

YS G4 NNB G4 NNB G4
Low Low High High

Number of Cells
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Fig. 7. Yeast surface display of Fn3 libraries. Yeast
containing the indicated Fn3 populations were grown to
logarithmic growth phase at 30 °C. Expression of Aga2p-
Fn3 was induced at 37 °C. The mean Fn3 display level for
each population was quantified by flow cytometry using
mouse anti-c-myc antibody and anti-mouse antibody-—
Alexa Fluor 488 conjugate. (a) Quantified Fn3 display. WT
is wild-type Fn3. NNB, YS, and G4 are the naive libraries.
Low and High indicate the populations sorted for low and
high display, respectively. Display levels are normalized
to the wild-type value. (b) Raw flow cytometry data. WT
(dashed line), NNB (dotted line), YS (continuous thin line),
G4 (continuous thick line).
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Table 4. Stability analysis

High-low (stability)

AA G4 design NNB G4
Positions with wild-type bias

D23 10% D 0% +3%
A24 8% A —4% +1%
P25 42% P 0% +4%
V29  AILISIV  +101-191+181+5  +291-111-271+12
Y31 Sy — 0%
G52 49% G +7% +10%
S53 51%S +5% +20%
S55 51% S +18% +44%
T56 49% T +10% +8%
G77 12% G +1% +5%
G79 12% G +17% +17%
S85 100% S +18% —
Positions without wild-type bias

Y 19% —1% —4%
S 10% +5% +2%
G 6% 0% +1%
D 10% +2% +5%
R 4% —1% +2%
C 10% 1% -2%
H 6% 0% 0%

The NNB and G4 libraries were independently sorted for clones of
low stability and high stability. Sequences of about 50 clones from
each sorted population were analyzed. “AA” indicates the wild-
type amino acid at positions with wild-type bias or amino acids of
elevated frequency at positions without wild-type bias. “G4”
design indicates the designed frequency of the indicated amino
acid. “NNB” and “G4” indicate the difference in amino acid
frequency between the high- and low-stability populations from
the indicated library, respectively.

indicating higher average stability (p<0.001). Con-
versely, the YS library exhibits 26+13% lower
display than the NNB library (p<0.005). The NNB
and G4 libraries were then sorted by flow cytometry
to identify clones of low and high stability. About 50
clones were sequenced from each resultant popula-
tion and the amino acid frequencies in low- and
high-stability clones were compared (Table 4). The
biased positions in the BC loop were not enriched by
stability sorting in this analysis except position 29.
As observed in binder sequence analysis, the small
side-chain alanine is preferred, whereas the larger
side-chain leucine is destabilizing. Wild-type amino
acids at the four biased positions in the DE loop are
stabilizing, especially S53 and S55. While G77 is
perhaps mildly stabilizing, G79 is present at
substantially higher frequency in stable clones. The
complete conservation of S85 in the G4 library is
justified by the preferential occurrence of S85 in
stable clones from the NNB library. At positions
without wild-type bias, none of the preferred amino
acids are substantially destabilizing, thereby vali-
dating their inclusion at elevated levels.

Stability analysis

The engineered binders are active in soluble form,
as the EGFR binders, produced and purified from
Escherichia coli, effectively bind EGFR ectodomain
(B.J.H., unpublished data). These clones were also

induced in the yeast surface display system at
elevated temperature (37 °C) to investigate stability.
The engineered binders exhibit moderate to high
display levels indicative of stable clones (Supple-
mentary Fig. 3a). Moreover, to further corroborate
the display-stability correlation from Fig. 1, the
clones were analyzed by circular dichroism thermal
denaturation. The midpoints of thermal denatur-
ation range from 53 °C to 73 °C (Table 3), indicative
of stable clones, and agree with the display-stability
correlation (Supplementary Figs. 3b and 4). The
display-stability correlation for the 12 clones ana-
lyzed has a Pearson correlation coefficient of 0.86
and a Spearman rank-order correlation coefficient of
0.78 (p<0.005) demonstrative of a robust correlation.
In addition, wavelength scans exhibit spectra
indicative of beta sheet structure (Supplementary
Fig. 4).

Discussion

Two elements of binding repertoire diversity are
examined in this work in the context of the Fn3
framework: amino acid composition bias, and
sitewise conservation of structural elements in
binding loops. Considerable insight has recently
been gained into the most functional amino acid
compositions for antibody repertoires,”” and we
also find that mimicking the natural antibody CDR
composition bias produces greater functionality in
Fn3 scaffold-based repertoires. Construction of
scaffold libraries often treats loop sequences as
completely unconstrained by structural require-
ments. However, incorporation of destabilizing
substitutions would significantly decrease the
screenable functional diversity of a repertoire.
Applying phylogenetic analyses and direct mea-
surements, conserved sites in the Fn3 scaffold were
identified and diversification at these locations was
reduced in constructed libraries, leading to a more
highly functional repertoire for selection of binders.

The current study demonstrates that tailored
CDR-like diversity is superior for library construc-
tion to nearly fully random (e.g., NNB) or overly
constrained (e.g., YS) diversity. This is evidenced by
the dominant selection of clones from the G4 library
as well as the maintenance of the favored amino
acids in binder sequences (Fig. 6b). Tailored diver-
sity improves the search of sequence space by
increasing the frequency of functional binders. This
results both through improving the likelihood of
beneficial contacts, largely by elevation of tyrosine,
and reducing detrimental constraints. The latter
element is achieved through reduction of hydro-
phobic isoleucine, leucine, methionine, proline,
threonine, and valine as well as the large, positively
charged arginine and lysine, in deference to small,
neutral serine. Yet, a binary code of tyrosine and
serine constrains sequence space such that it often
lacks high-affinity binders. Thus, through modest
incorporation of other amino acids in the library and
a broad, yet efficient mutagenesis approach, tailored
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diversity yields a vastly improved hybrid of the two
extremes of NNB and YS.

The inclusion of wild-type bias is also an important
element of the G4 library design. This bias increases
the frequency of functional clones both by enabling
diversity to be used at positions with more impact on
binding and by reducing the number of misfolded
clones that result from detrimental mutation of a
structurally critical residue. Moreover, the improved
stability of G4 clones (Fig. 7) improves evolvability,”
allowing otherwise unstable sequence motifs to be
explored. This improved stability is also beneficial
in a variety of applications as outlined in the
Introduction.

The methodology and techniques in the current
study are directly applicable to other protein engi-
neering efforts. While the designed skewed nucleo-
tide mixtures for particular sites are unique to Fn3,
the antibody mimic mixture should be generally
applicable to nonstabilizing, solvent-exposed sites in
molecular recognition scaffolds. Moreover, the mix-
ture design algorithm may be reapplied to any design
distribution. The identification of positions most
likely to benefit from wild-type bias can be readily
applied to other scaffolds through high throughput
stability analysis in the context of protein libraries,
demonstrated here using yeast surface display. When
available, sequence and structural data provide
additional avenues of analysis. The relative efficacy
of each of these approaches will be elucidated as
continued analyses expand the sequence data set and
evolved library designs are tested.

Although the thrust of this work entails study of
sequence-structure-function relationships and li-
brary design, the panel of binders generated
provides useful reagents for a variety of applications
from tumor targeting (EGFR, human A33, and
mouse A33) to biotechnology (HSA and mouse
IgG) to immunology (FcyRlIla and FeyRIla).

Materials and Methods

Stability—display relationship

Yeast surface display plasmids were created for six Fn3
domains of previously published stabilities'®: wild type,
159, 159(wt DE), 159(Q8L), 159(A56E), and 159(Q8L,
AB56E). Genes were constructed by overlap extension
PCR of eight oligonucleotides (IDT, Coralville, IA) and
transformed into EBY100 yeast as described.” Gene
construction was verified by DNA sequencing. Clonal
populations were grown at 30 °C in SD-CAA medium
[0.07 M sodium citrate (pH 5.3), yeast nitrogen base
(6.7 g/L), casamino acids (5 g/L), and glucose (20 g/L)]
and induced at 37 °C in SG-CAA [0.1 M sodium phosphate
(pH 6.0), yeast nitrogen base (6.7 g/L), casamino acids
(5 g/L), galactose (19 g/L), and glucose (1 g/L)]. Yeast
were labeled with mouse anti-c-myc antibody (clone 9E10,
Covance, Denver, PA) followed by phycoerythrin-conju-
gated goat anti-mouse antibody (Invitrogen, Carlsbad,
CA). Yeast were washed and phycoerythrin fluorescence
was analyzed with an Epics XL flow cytometer (Beckman
Coulter, Fullerton, CA).

Library stability comparison

A library was constructed in which positions 23-30
(DAPAVTVR), 52-55 (GSKST), and 77-86 (GRGDSPASSK)
were diversified with NNB codons. The library was
constructed by overlap extension PCR of eight oligonu-
cleotides and transformed into EBY100 yeast. Fourteen
similar libraries were constructed with identical design
except a single codon of interest was maintained as wild
type within the otherwise diversified regions. Separate
libraries were constructed for D23, A24, P25, A26, V27, T28,
V29, G52, T56, G77, R78, G79, S84, and S85; in addition, a
library was constructed that maintained D23, A24, P25,
and V29. These libraries, as well as wild-type Fn3, were
grown at 30 °C and induced at 37 °C; Fn3 expression was
analyzed by flow cytometry as indicated above. The
fractional improvement in display was calculated as the
mean phycoerythrin fluorescence of the singly conserved
library minus that of the fully diversified library and
normalized to the fully diversified fluorescence.

Solvent-accessible surface area

The relative SASA of positions 22-32, 51-57, and 76-87
were calculated for wild-type Fn3 (solution structure
1TTG* and crystal structures 1ENA?!) and an engineered
binder (20BG?2). The area accessible to a 1.4 A sphere was
determined for each side chain in each structure and
compared to the accessible area in a G-X-G random coiled
peptide with GetArea."

Phylogenetic sequence alignment

The following fibronectin sequences were used: chim-
panzee (XP_516072), cow (P07589), dog (XP_536059),
horse (XP_001489154), human (NP_997647), mouse
(NP_034363), opossum (XP_001368449), platypus
(XP_001509150), rat (NP_062016), and rhesus monkey
(XP_001083548). The sequences were aligned with
ClustalW.?® The relative frequency of each amino acid
was calculated at each position.

A similar analysis was conducted with engineered
binder sequences. Engineered Fn3 domain se-
quences>11-13/18.22.252629-32 were aligned; identical loop
sequences in related clones were only counted once to
avoid bias. The amino acid frequency at each position
was calculated and compared to the expected amino
acid frequency as determined from a weighted average
of theoretical library designs (e.g., NNS, NNB, serine/
tyrosine, etc.).

Library construction

Degenerate oligonucleotides were designed to provide
the desired amino acid distribution at each position. All
three-site combinations of skewed nucleotide mixtures
within 5% increments were considered (e.g., 20% A, 5% C,
35% G, 40% T at the first position, 15% A, 45% C, 10% G,
30% T at the second position, and 35% A, 25% C, 30% G,
10% T at the third position). The sets were filtered to
identify those with good tyrosine matching and reason-
able matching of alanine, aspartic acid, glycine, argininine,
and serine. Specifically, tyrosine was required to occur at
0.5-2 times the intended frequency; alanine, aspartic acid,
glycine, arginine, and serine were required to occur at
0.33-3 times the intended frequency. The sets that fulfilled
these criteria were then used to produce numerous i silico
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protein libraries on the basis of their amino acid
probability distribution. For each clone, the probability
of occurrence from a library that precisely matched the
desired distribution was calculated. The sum of probabil-
ities for each sample library was used as a metric of library
fitness. The skewed nucleotide designs were selected on
the basis of fitness and the ability to use identical mixtures
at multiple sites (e.g., 45% C, 10% G, 45% T at the wobble
position of multiple codons). Nucleotide designs are
included in Supplementary Table 1.

Degenerate oligonucleotides were synthesized with
skewed nucleotides at diversified positions and nucleo-
tides encoding wild-type Fn3 at fully conserved positions.
The library design, summarized in Table 1, includes four,
three, and four loop lengths in the BC, DE, and FG loops,
respectively.””> Separate oligonucleotides were synthe-
sized to yield each length. Overlap extension PCR of
eight oligonucleotides was performed to construct com-
plete Fn3 genes. Separate reactions were conducted for
each loop length to avoid bias toward shorter loops. The
gene libraries were transformed into yeast by homologous
recombination with linearized yeast surface display
vector, which includes the Aga2p protein fusion, N-
terminal hemagglutinin (HA) epitope, and C-terminal c-
myc epitope. The fraction of clones that produce full-
length Fn3 was determined by flow cytometry as the
fraction displaying the N-terminal HA tag that also
contained the C-terminal c-myc epitope; these results
were corroborated by sequence analysis.

Binder selections

Human and mouse A33 extracellular domains were
both produced with Hise epitope tags in human embry-
onic kidney cells and purified by metal-affinity chroma-
tography. Protein was biotinylated either on free amines
with the sulfo-NHS biotinylation kit (Pierce, Rockford, IL)
or by site-specific sortase-based conjugation of GGGGG-
biotin to an LPETG C-terminal epitope.”> EGFR mutant
404SG>* was produced in Saccharomyces cerevisiae yeast,
purified by metal-affinity chromatography and anti-EGFR
antibody affinity chromatography, and biotinylated on
free amines with the sulfo-NHS biotinylation kit. Biotiny-
lated FcyRIIA and FcyRIITA were a kind gift from Jeffrey
Ravetch (Rockefeller University). Biotinylated mIgG was
purchased from Rockland Immunochemicals (Gilberts-
ville, MD). Human serum albumin (Sigma, St. Louis, MO)
was biotinylated with the sulfo-NHS biotinylation kit. The
NNB, YS, and G4 libraries were pooled for direct
competition. The libraries were sorted for binding to the
seven protein targets and affinity-matured as described."”
Yeast were grown and induced to display Fn3. Binders to
streptavidin-coated magnetic Dynabeads (Invitrogen)
were removed.” Biotinylated protein was loaded on
streptavidin-coated magnetic Dynabeads and incubated
with the remaining yeast. The beads were washed with
phosphate-buffered saline with bovine serum albumin
(PBSA), and the beads with attached cells were grown for
further selection. After two magnetic bead sorts, full-
length Fn3 clones were selected by fluorescence-activated
cell sorting with the C-terminal c-myc epitope for
identification of full-length clones. Plasmid DNA was
zymoprepped from the cells and mutagenized by error-
prone PCR of the entire Fn3 gene or the BC, DE, and FG
loops. Mutants were transformed into yeast by electro-
poration with homologous recombination and requisite
shuffling of the loop mutants. The lead clones and their
mutants were pooled for further cycles of selection and

mutagenesis. Once significant binder enrichment was
observed during magnetic bead sorts, fluorescence-
activated cell sorting was used. Yeast displaying Fn3
were incubated with biotinylated target protein and anti-
c-myc antibody (clone 9E10 or chicken anti-c-myc,
Invitrogen). Cells were washed and incubated with
Alexa Fluor 488-, phycoerythrin-, or Alexa Fluor 647-
conjugated streptavidin (Invitrogen) and fluorophore-
conjugated anti-mouse or anti-chicken antibody (Invitro-
gen). Cells were washed and cells with the highest target
to c-myc labeling ratio were selected on a FACS Aria
(Becton Dickinson, Franklin Lakes, NJ) or MoFlo (Dako
Cytomation, Carpinteria, CA) flow cytometer. Plasmids
from binding populations were zymoprepped and
transformed into E. coli; transformants were grown,
miniprepped, and sequenced.

Library source determination

For each clone, the probabilities that it originated
from the NNB, YS, or G4 library were calculated with
the designed nucleotide distributions at each position
as well as the probability of mutation by error-prone
PCR.

Fn3 production

The Fn3 gene was digested with Nhel and BamHI and
transformed to a pET vector containing a HHHHHHK-
GSGK-encoding C-terminus. The six histidines enable
metal-affinity purification, and the pentapeptide provides
two additional amines for chemical conjugation. The
plasmid was transformed into Rosetta (DE3) E. coli,
which was grown in LB medium with kanamycin
(100 mg/L) and chloramphenicol (34 mg/L) at 37 °C.
Two hundred microliters of overnight culture was added
to 100 mL of LB medium, grown to an optical density of
0.2-1.5 units, and induced with 0.5 mM IPTG for 3-24 h.
Cells were pelleted, resuspended in lysis buffer [50 mM
sodium phosphate (pH 8.0), 0.5 M NaCl, 5% glycerol,
5 mM CHAPS, 25 mM imidazole, and 1x complete EDTA
(ethylenediaminetetraacetic acid)-free protease inhibitor
cocktail], and exposed to four freeze-thaw cycles. The
soluble fraction was clarified by centrifugation at 15,000g
for 10 min, and Fn3 was purified by metal-affinity
chromatography on TALON resin.

Affinity titration

The equilibrium dissociation constants of select clones
were determined by titration of soluble antigen for
binding to yeast surface displayed Fn3 as described.*
Affinities for FcyRIIA and FcyRIIIA were determined by
surface plasmon resonance. Affinities for EGFR were also
measured with soluble Fn3 and EGFR-expressing A431
cells. Purified Fn3 was buffer-exchanged into PBS and
biotinylated with NHS-LC-biotin according to the manu-
facturer’s instructions. A431 cells were washed in PBSA
and incubated with various concentrations of biotinylated
Fn3 on ice. The number of cells and sample volumes were
selected to ensure excess Fn3 relative to EGFR. Cells were
incubated on ice for sufficient time to ensure that the
approach to equilibrium was at least 98% complete. Cells
were then pelleted, washed with 1 mL PBSA, and
incubated in PBSA with streptavidin-R-phycoerythrin
(10 mg/L) for 10-30 min. Cells were washed and
resuspended with PBSA and analyzed by flow cytometry.
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The minimum and maximum fluorescence and the Ky
value were determined by minimizing the sum of squared
errors assuming a 1:1 binding interaction.

Circular dichroism

EGEFR binders were produced as described and purified
by metal-affinity chromatography and high-performance
liquid chromatography on a C18 column. Protein was
lyophilized and resuspended in PBS. Ellipticity was
measured from 260 to 205 nm on a Jasco 815 spectrometer
by means of a quartz cuvette with a 1 -mm path length.
Thermal denaturation was conducted by measuring
ellipticity at 216 nm from 20 to 98 °C and calculating T,
from a standard two-state unfolding curve.

Library stability selection and analysis

The NNB and G4 libraries were independently grown at
30 °C and induced at 37 °C. Yeast were labeled with
mouse anti-HA antibody (clone 16B12, Covance) and
chicken anti-c-myc antibody to label the N- and C-terminal
epitopes. Cells were washed, incubated with phycoerythrin-
conjugated goat anti-mouse antibody and Alexa Fluor 488-
conjugated goat anti-chicken antibody, and sorted by flow
cytometry. Only cells with comparable signals for each
epitope were considered to avoid selecting epitope
mutants. Approximately 1% of the cells with the lowest
or highest display fluorescence were collected and grown
for an additional induction and selection. Plasmids were
isolated and transformed into E. coli. About 50 clones from
each resultant population (both low and high stability for
both NNB and G4) were miniprepped and sequenced.
Sequences were aligned and the amino acid frequencies at
each position were determined.
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