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ABSTRACT: Engineered proteins provide clinically and industrially impactful molecules and utility within fundamental
research, yet inefficiencies in discovering lead variants with new desired functionality, while maintaining stability, hinder progress.
Improved function, which can result from a few strategic mutations, is fundamentally separate from discovering novel function,
which often requires large leaps in sequence space. While a highly diverse combinatorial library covering immense sequence space
would empower protein discovery, the ability to sample only a minor subset of sequence space and the typical destabilization of
random mutations preclude this strategy. A balance must be reached. At library scale, compounding several destabilizing
mutations renders many variants unable to properly fold and devoid of function. Broadly searching sequence space while
reducing the level of destabilization may enhance evolution. We exemplify this balance with affibody, a three-helix bundle protein
scaffold. Using natural ligand data sets, stability and structural computations, and deep sequencing of thousands of binding
variants, a protein library was designed on a sitewise basis with a gradient of mutational levels across 29% of the protein. In direct
competition of biased and uniform libraries, both with 1 X 10 variants, for discovery of 6 X 10* ligands (5 X 10° clusters) toward
seven targets, biased amino acid frequency increased ligand discovery 13 + 3-fold. Evolutionarily favorable amino acids, both
globally and site-specifically, are further elucidated. The sitewise amino acid bias aids evolutionary discovery by reducing the level
of mutant destabilization as evidenced by a midpoint of denaturation (62 =+ 4 °C) 15 °C higher than that of unbiased mutants
(47 £ 11 °C; p < 0.001). Sitewise diversification, identified by high-throughput evolution and rational library design, improves

discovery efficiency.

olecular recognition ligands are valuable tools in

fundamental biology, medicine, and industrial biotech-
nology. Engineered ligands allow control over the binding
epitope, the affinity, the selectivity, and the biophysical
properties of the ligand. Protein ligands are frequently
engineered by modulating amino acids in a select region,
known as the paratope, of a protein while conserving a stable
underlying framework.! A variety of protein topologies have
demonstrated efficacy as scaffolds for the evolution of novel
binding function, including natural immune repertoires of
antibodies” and variable lymphocyte receptors’ as well as a
multitude of synthetically diversified scaffolds."* One particular
example, the affibody domain, has been effectively used as a
ligand scaffold in processes such as evolution of binding to
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numerous targets, with affinities as strong as 20 pM, and
application to diagnostics, molecular imaging, and therapy.>*
The affibody is a 58-residue, three-helix bundle derived from
the Z domain of staphylococcal protein A. It is readily
expressed recombinantly in bacteria and highly soluble and
reversibly unfolds with a wild-type midpoint of 72 °C,
although engineered mutants have exhibited destabilization to
denaturation midpoints of 37—65 °C (mean of 49 °C).””"?
Mutants with novel binding activity have been discovered and
evolved from combinatorial libraries with diversity at 13
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residues on one face of the N-terminal and middle helices. Each
of the 13 sites was diversified to the 20 natural amino acids
using broadly distributed NNK codons. Library screening has
been performed using phage display,””'* ribosome dis-
play,">'® and bacterial display;'>'"~"? yeast display was used
for framework evolution.”’

Evolution of novel binding function necessitates mutation of
a sufficient 1Paratope area to drive the new intermolecular
interaction”’ while maintaining sufficient intramolecular
stability. Mutation of intramolecularly critical sites or mutation
of semitolerant sites to suboptimal amino acids can limit the
evolutionary potential despite the introduction of an otherwise
effective paratope.”””>” Thus, identification of the mutational
tolerance of each site, within the context of a diverse array of
sequences possible within a combinatorial library, can aid
evolution. Implementation of variable diversities at each site, in
both entropy and specific amino acid preferences, has proven to
enhance the evolutionary efﬁcacgf in synthetic fibronectin
domain libraries”®*” and natural®® and synthetic’' antibody
repertoires. A sitewise constraint has also been implemented in
designed ankyrin repeat proteins®>>* and fibronectin domain
sheet libraries®* using rational bias. A sitewise constraint has
not yet been published for the affibody domain. Amino acid
bias, across sites, has been implemented using amino acids
frequently observed in protein—protein interfaces, particularly
tyrosine and serine,”””~*" as well as glycine in loop paratopes.
Sitewise bias has been identified via natural antibody repertoire
mimicry,"" wild-type constraint,”® structural analysis,” and
high-throughput evolution and deep sequencing.”” Identifica-
tion of detrimental mutations via deep scanning strategies has
also been studied.””"*® Computational prediction of mutational
impacts on stability”’ ~>° and functional maturation,”* though
not functional discovery, have been extensively studied and
could be used to guide library design.

The study presented here aimed to identify the sitewise
amino acid diversities consistent with efficient evolution of a
broad array of binding functions (i.e., creation of a single library
containing specific binders to a multitude of targets) and
examine the drivers and implications of these amino acid
preferences. We provide a platform for designing small protein
libraries in terms of deciding which residues to include or avoid
at individual positions. The effectiveness of this approach is
demonstrated in the context of discovering high-affinity variants
from an affibody library.

B MATERIALS AND METHODS

Preliminary Library Design (first generation). As a
preliminary attempt to identify the most beneficial diversifica-
tion strategy for the three-helix afibody scaffold, a
combinatorial library that incorporated a wide variety of
mutations across select sites was designed. While, traditionally,
the affibody scaffold is uniformly mutated at 13 positions using
all 20 natural amino acids, it is largely unknown which amino
acids are most effective at any particular site. To better
understand these functional diversities, 15 solvent-exposed sites
throughout helices 1 and 2 (classic 13 and sites E1S and 131)
were mutated using five separate levels of diversity: (i) wild-
type (WT) residue, (ii) WT or serine (small size and promotes
neutral interaction™), (iii) WT, serine, or tyrosine (frequently
drives binding affinity and specificity’””"), (iv) relaxed,
moderate diversity (A, C, D, G, N, S, T, or Y), or (v) full
diversity mimicking the chemical composition of the third
antibody heavy chain complementarity-determining region
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(CDR-H3). These five combinatorial libraries were separately
constructed on the DNA level and then pooled to form the
first-generation library. Any single variant within the initial
library exhibited sitewise mutations from only one of the five
combinatorial sublibraries.

Gradient Sitewise (GS) Library Design (second
generation). The GS library was designed in a sitewise
manner by balancing numerous data inputs. Numerous sites
were constrained in their amino acid diversity (details in the
Supporting Information). Amino acid diversity at likely hot
spot affibody positions was guided by the amino acid
prevalence in natural antibody interfaces (Abysis database;
CDR-H3 diversity, Kabat sites 95—102) and previously evolved
affibodies found in the literature® """ 71155778 a5 well as
those generated in house with the first-generation library. The
prevalence of each amino acid, except Gly and Arg, was
calculated on the basis of equally weighted CDR-H3 diversity
via Abysis and previously evolved binder data, yielding the
codon design that we call B* hereafter (Figure S1). The B ¢*
codon closely mimics this design, while also emphasizing the
low cysteine content (0.5% in B;c* vs 2.5% in B*).

Solvent Accessible Surface Area (SASA). Protein Data
Bank (PDB) files for affibody (PBD entries IHOT, 1LP1, 2B88,
2KZI, 20KT, and 3MZW) were processed using GetArea”” to
calculate the SASA relative to random coil (probe radius, 1.4
A). At each site, the median value across all six structures was
reported. For PDBs that included multiple affibody chains, the
mean SASA of the chains was determined prior to calculating
median values among all structures.

Computational Stability. At each of the 13 classically
diversified sites (9—11, 13, 14, 17, 18, 24, 25, 27, 28, 32, and
35) and for each naturally occurring amino acid, the change in
stability (AAGggpng) upon mutation was calculated with
FoldX.” First, an affibody structure was randomly mutated in
accordance with the first-generation library design to calculate
the baseline stability. Next, AAGg,gi,, Was calculated for each
single mutation (all 19 natural amino acids substituted,
separately, into each site) versus the parental mutant. This
process of saturation scanning was repeated for 312 randomly
generated parental mutants across five affibody PDB entries
(1HOT, 1LP1, 2B88, 2KZI, and 3MZW). The median
AAGgging was then calculated for each residue site
combination for the 13 classically diversified sites; 312
iterations were shown to be sufficient for convergence of the
(de)stabilization values.

Natural Homologue Analysis. Pfam®' family B
(PF02216) was accessed in April 2013 to retrieve 1484 total
sequences, 119 of which were unique. Rather than equally
weighting all 1484 sequences, we gave the unique sequences a
weight dictated by the square root of the number of
occurrences for that sequence. Using this adjusted weighting,
we calculated a sitewise amino acid distribution (Table S2).

Relative Helix Propensity. Empirical data from several
published studies®* ™" were collectively used to calculate
relative propensities of each natural amino acid within helical
secondary structures. The values from the previous studies were
linearly averaged, based on destabilizing energetics of folding
relative to glycine (propensity of 0) and alanine (propensity of
1). Using this normalized scale, the propensity of proline is
calculated to be —2.7.

Library Construction. Each combinatorial library was built
using synthetic oligonucleotides (IDT DNA) with degenerative
codons, which were assembled by overlap extension PCR.
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Library genes were transformed into EBY100 Saccharomyces
cerevisiae yeast via electroporation,®® wherein the library
fragments homologously recombined with the linearized pCT
vector to yield a construct that allowed yeast surface display of
the encoded proteins.”” The transformation efficiency was
quantified using dilution plating with SD-CAA selective
medium. Sanger sequencing of initial libraries was performed
for quality control.

Binder Selection. Yeast libraries were grown in SD-CAA
selective medium (16.8 g/L sodium citrate dihydrate, 3.9 g/L
citric acid, 20.0 g/L dextrose, 6.7 g/L yeast nitrogen base, and
5.0 g/L casamino acids) at 30 °C while being shaken at 250
rpm. Surface display was achieved by switching to SG-CAA
medium (10.2 g/L sodium phosphate dibasic heptahydrate, 8.6
g/L sodium phosphate monobasic monohydrate, 19.0 g/L
galactose, 1.0 g/L dextrose, 6.7 g/L yeast nitrogen base, and 5.0
g/L casamino acids) upon incubation at 30 °C with shaking at
250 rpm for 16 h. Induced libraries were enriched for affibody
variants that specifically bound each of several protein targets
[first generation, lysozyme and rabbit immunoglobulin G
(IgG); second generation, death receptor S, transferrin,
cytochrome ¢, glucose-6-phosphate dehydrogenase, CD276,
MET, and a G-protein-coupled receptor; separate enrichments
performed in (?arallel] using both magnetic streptavidin-coated
bead sorting™ and fluorescence-activated cell sorting.”" Each
round of bead sorting consisted of two incubations (2 h each)
of induced yeast with either bare beads or beads preincubated
with an arbitrary biotinylated protein for depletion of
nonspecific binding interactions. Following the depletions, the
remaining yeast cells were incubated with beads with a
biotinylated target for 2 h and washed twice with PBSA. Yields
for both nonspecific binding and target binding were quantified
using serial dilution plating. Populations that demonstrated a
strong specificity (>10-fold) of target binding relative to
nonspecific binding were isolated for sequence analysis. For all
populations, after two rounds of enrichment using target-
labeled beads, flow cytometry was conducted. Preparation for
cytometry consisted of incubating an induced yeast population
with 100 nM biotinylated target and 67 nM anti-c-Myc epitope
tag antibody (9E10, Biolegend) in PBSA for 30 min at room
temperature. Following the primary labeling step, cells were
washed with PBSA, incubated with AlexaFluor647-conjugated
goat anti-mouse antibody and AlexaFluor488-conjugated
streptavidin for 15 min at 4 °C, and then washed with cold
PBSA. If target binding was observed, all binding events above
background, denoted as high-stringency binders, were isolated
for sequence analysis. Ultra-high-stringency binding popula-
tions (Figures S5—S7) were obtained through one additional
round of cytometry sorting using S nM biotinylated target and
a stricter sorting gate. In the event that no binding was
detected, all full-length, c-Myc positive events were isolated for
evolution. Plasmid DNA was zymoprepped from yeast,
subjected to dual error-prone PCR efforts on the full gene
and on shuffled helices,”” and electroporated into yeast for
additional iterations of bead sorting and flow cytometry.

Affinity and Specificity Analysis. Representative variants
were randomly chosen from the high- and ultra-high-stringency
populations (panels A and B of Figure S6, respectively). Each
variant was induced in yeast, incubated with anti-c-Myc
antibody and at various concentrations of their respective
target, washed with cold PBSA, incubated with AlexaFluor647-
conjugated goat anti-mouse antibody and AlexaFluor488-
conjugated streptavidin for 15 min at 4 °C, and then washed
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with cold PBSA. The extent of binding was measured via flow
cytometry and normalized on the basis of the maximal signal
strength associated with each target and the background
fluorescence of target-free yeast. Dissociation constants (Kp)
were calculated by fitting the data to a two-state binding curve
(n = 3). Specificity was assessed by separately incubating each
high-stringency variant with multiple nontarget biotinylated
proteins at 100 nM or with a target protein at 50 nM. The
extent of binding, normalized by the maximal possible
fluorescence associated with each target, is then compared
between the target and nontarget samples (Figure S8).

High-Throughput Sequence Analysis. The plasmid
DNA from the initial libraries as well as the enriched
populations, both high-stringency cytometry detectable and
magnetic bead selective, was isolated for sequence analysis with
a Zymoprep kit (Zymo Research). Illumina MiSeq adapter and
indexing sequences were added via PCR. Paired-end (250 bp)
analysis yielded 18 X 10° quality reads. Raw paired-end read
output was groomed and assembled with PANDAseq using a
quality score threshold of 0.99 and then converted to FASTA.”
FASTA sequence files were processed using ScaffoldSeq.”* A
sequence homology threshold of 80% was used for clustering
similar variants. Clusters were then dampened using a factor of
0.25 to account for enriched sequence frequency while gaining
a diversity of information from less frequent variants.

Library of Origin Analysis. Sequence variants from the
initial and evolved populations were assessed for having
originated from each of the three library designs. The
probability of finding a particular sequence within each of the
three sublibraries (NNK, GS, and GS,() is calculated as the
quantity P(k)s. This equation takes into account the amino
acid, i, present at each position, j, of the sequence, k. The
frequency of i at position j within the sitewise amino acid
design of sublibrary S is given by f?,i,j' The library origin

probability, P(k)g, is then obtained by taking the product across
each of the 17 potentially diversified sites (eq 1). Amino acids
not offered within a particular sublibrary (e.g,, Arg at site 11
within the GS design or Tyr at site 6 of the NNK design) were
given a default value of 1 X 107 rather than zero to account for
random errors during library construction, evolution of binders,
and DNA sequencing,

17
P(k)s = Hfi,i,j
j=1 (1)

Each sequence was then binned with the sublibrary that
yielded the greatest library origin probability. Within each
sublibrary bin, the number of occurrences, n, of each unique
sequence, v, was tallied and square rooted to normalize the
contribution of dominant variants. The total sequence count,
N, within each of the three sublibraries is the summation of
normalized counts for each unique variant (eq 2). Rare variants,
having been observed fewer than 10 times, were excluded from
the analysis.

Ng= 2,
S (2)

Stability Measurements. Individual variants were ran-
domly selected from cytometry detectable binding populations.
Each gene was shuttled into a pET-24 derivative to include a C-
terminal six-histidine tag, expressed in BL21(DE3) bacteria,
and purified using cobalt resin columns.”” Purified proteins
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were diluted in PBS to a concentration of 1 mg/mL and
assessed via circular dichroism using a Jasco J81S instrument.
Temperature scans were conducted using a range of 20—90 °C
(1 °C/min) while monitoring the 220 nm wavelength.
Midpoints of thermal denaturation were calculated assuming
a standard two-state unfolding curve. For reducing conditions,
dithiothreitol (DTT) was prepared fresh and added to the
samples to yield a final concentration of 2 mM DTT and then
incubated at room temperature for 30 min.

B RESULTS AND DISCUSSION

First-Generation Library. We sought to identify sites,
within the typically diversified paratope, that would provide the
most substantial benefit from constrained diversity. The main
approach for identifying sites, and their amino acid preferences,
consisted of high-throughput ligand engineering and deep
sequencing analysis. Thus, we designed, constructed, and
screened a combinatorial library of affibody domains to
discover functional variants and direct their evolution. With
an aim of improving the binder frequency to generate a diverse
set of functional sequences, modest constraint at select sites was
introduced in the initial library. Evaluation of the solvent
accessible surface area (Table 1) and spatial orientation at the
13 classically diversified sites revealed three sites that were

Table 1. First-Generation Library Design®

b
site”

WT SASA (%) previous libraries”  first-generation libraryd
N6 A 78 N A
K7 K 79 K K
E8 E 39 E E
Q¥ Q 19 20 N/NS/NSYT/12/20%
Q0 Q 66 20 20%
N11 N S1 20 N/NS/NSYT/12/20%*
Al2 A 4 A A
F13 F 33 20 20%
Y14 Y 72 20 20%
E1S E 38 E E/EA/DSYA/12/20%
116 1 0 1 1
L17 L 10 20 20%
H18 H 67 20 20*
E24 E 88 20 20%
E25 E 90 20 20%
Q6 Q 23 Q Q
R27 R 27 20 R/RS/RSYCHP/12/20%
N28 N 71 20 20%
A29 A 74 A A
F30 F 10 EF F
131 1 27 I I/IS/ISYCEN/12/20%*
Q2 Q 72 20 20%
S33 N 44 K A
L34 L 1 L L
K3S K 76 20 20%
D36 D 66 D D

“The site, wild-type (WT) amino acid, relative solvent accessible
surface area (SASA), and diversity in the published and first-generation
libraries are presented for sites in the N-terminal and middle helix of
affibody. bSites 1—5 and 3758 were conserved as wild type (Table
S1). “The numeral 20 represents a mixture of all 20 amino acids using
NNK degenerate codons. “The term 20* denotes a mixture of all 20
amino acids weighted on the basis of their frequency in the antibody
repertoire but with reduced glycine because of the helical structure
(Figure S1). Slashes separate sublibrary designs.
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hypothesized to provide more evolutionary benefit from at least
partial wild-type constraint. Q9 is only 19% accessible to
solvent (Figure 1, orange). N11 is S1% accessible but
predominantly facing away from the evolved binding surface
(Figure 1, yellow). R27 is at the core of the paratope but only
27% accessible (Figure 1, blue). The other diversified sites
range from 33 to 90% accessible (median of 71%). Two sites
that were previously conserved, E15 and 131, were modestly
accessible (38 and 27%, respectively) and oriented near the
evolved binding surface (Figure 1, green and violet). The mild
diversity of these sites was hypothesized to provide an
evolutionary benefit.

Thus, a combinatorial library was constructed from five
sublibraries in which these constrained sites were varied from
wild-type conservation to full amino acid diversity (Table 1).
The 10 other typical paratope sites were broadly diversified to
all 20 amino acids using complementarity-biased amino acid
frequencies.”””’~** The library, constructed by overlap
extension PCR of degenerate oligonucleotides and homologous
recombination in a yeast display system, contained 4 X 10°
variants. The library generally matched the intended design
(median absolute deviation from design, |fipserved — Saesignl =
0.8%), although the content of tyrosine and cysteine was
modestly higher than desired while that of alanine and aspartic
acid was lower than designed (Figure S2A).

Specific binders to hen egg lysozyme and rabbit IgG were
discovered and evolved from the combinatorial library using
yeast display with magnetic and flow cytometry selections.
Deep sequencing of the evolved variants yielded 6 X 10* unique
sequences in 523 diverse families. Numerous amino acids, at
specific sites, exhibited substantial enrichment or depletion
from the unselected to the evolved populations, which is
indicative of the benefit or detriment of that amino acid at that
site in functional affibodies (Figure 2). These data inform the
effective design of an improved combinatorial library.

Second-Generation Library Design. Overall. A second-
generation library was designed to further evaluate sitewise
preferences in the context of a more focused design. On a
sitewise basis, amino acids that (i) appeared frequently in
binder sequences from the first-generation library (Figure 2)
and 345 published binder sequences (Figure 3A), (ii) are
computationally predicted to be stable in the context of diverse
paratopes (Figure 3B), and (jii) occur naturally in affibody
homologues (Figure 4A) were favored. Broad diversity was
favored in sites that are (i) solvent accessible and oriented
toward the proposed binding interface (Table 1 and Figure 1),
(ii) broadly diverse in natural homologues (Figure 4B), and
(ili) computationally predicted to be stable to multiple
mutations (Figure 3B). Generally at all sites, amino acids that
(i) appear frequently in antibody CDR-H3 (bioinf.org.uk/
Abysis; Kabat sites 95—102) (Figure SA), which has also been
implemented in previous synthetic libraries,”**”~*" and (ii)
favor helix formation®~*" (Figure SB) were favored. Each
undiversified framework position, where mutational diversity is
unlikely to provide added quality to the overall library design,
was conserved as wild type in the context of the optimized
affibody framework.® Library design details are provided in
Table S3. Commentary on the broadly diversified distribution,
cysteine content, and nontraditionally diversified sites follows.

Broadly Diversified Sites. At sites that were predicted to
benefit from broad diversity, a biased distribution was
implemented based 50% on mimicking antibody CDR-H3
diversity and 50% on mimicking evolved affibody sequences in
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Figure 2. Sitewise amino acid preferences in the context of the first-generation library. The change in amino acid frequency, between the unselected
and evolved populations (fuyeved — funselected)s 1S Shown for each amino acid at each site. The term 20* represents the aggregated frequencies of the 10
sites with broad diversity (20* in Table 1). A total of 6 X 10* unique evolved sequences were used.

the heavily diversified sites (Figure 2, 20* column). There are
two exceptions to this balanced design: glycine and arginine.
Glycine is frequently observed (12%) in antibody CDR-H3,
predominantly for conformational ﬂexibilit}r,31‘53’97 but does
not generally support helical structure (Figure SB) and was not
enriched in functional variants from the first-generation library
(Figure 2). Thus, glycine content was set on the basis of equally
weighting frequency in homologous proteins (2%) and
forecasted frequency in enriched binders [7% (Figure S1)],
yielding 5% after renormalization. Arginine has been shown to
correlate with nonspecific binding when moderately present at
binding interfaces.>”® Thus, although arginine was modestly
enriched in published binders (9% naive to 12% evolved,
though not all studies included counterselections for specificity)
and slightly enriched in binders from our first-generation library
(2.6—3.5%), the arginine content in the second-generation
library was restricted to its frequency in affibody homologues
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(3%). This broadly diverse distribution, denoted as B* (broad),
was designed to facilitate high-affinity, specific binding
interactions as well as accommodate stable helices.

Cysteine. The cysteine content in the first-generation library
was higher than designed (Figure S2A) and was strongly
increased in evolved binders (9—18%; p < 0.001) at five broadly
diversified sites (10, 13, 14, 17, and 28) and maintained or
reduced at all other sites (Figure 6A). Notably, variants with
zero or one cysteine were depleted (p < 0.001) in evolved
binders, whereas variants with at least two cysteines were either
maintained or enriched [p < 0.001 (Figure 6B)]. These sites of
cysteine enrichment are spatially clustered (Figure 6C), and
several pairs exhibit substantial epistasis (Figure 6D). The
variants having two cysteines predominantly came from the
lysozyme binding population with cysteines at sites 10 and 28
across four families. Variants with four cysteines were mostly
generated from the rabbit IgG binding population with
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Figure 3. (A) Sitewise amino acid preferences from published affibody evolution. The change in amino acid frequency, between the unselected and
evolved populations (f.ygved — funselected), 15 Shown for each amino acid at each of the 13 traditionally mutated sites; 345 unique evolved sequences
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were used. (B) Computed destabilization upon mutation in the context of diverse paratopes. The

median change in folding free energy (AAG;) upon mutation to the indicated amino acid at the indicated site was computed using FoldX. Saturation
scanning (calculation of all mutants) was performed at each site for 312 random library variants with five affibody structures. For each site, the
median destabilization and number of tolerated amino acids (mutants with a AAG; of <1.5 kcal/mol) are also presented.

cysteines at sites 10, 13, 14, and 17 across 57 families (Figure
S3A). The importance of potential disulfide formation was
evaluated by assessing thermal stability in oxidizing and
reducing environments. Four evolved variants, each with
unique cysteine locations, exhibited substantially greater
thermal stability in the oxidized state (Figure 6E and Figure
S3B). Collectively, these observations are consistent with the
evolutionary benefit of disulfide bonds.

It is possible that cysteine enrichment resulted from a need
for enhanced stabilization in light of the extent of
diversification, including newly varied sites 15 and 31. This
idea is supported by analysis of the subset of evolved binders
with wild-type E15 and 131 in which variants with zero or one
cysteine are not depleted in the functional population [p = 0.16
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(Figure 6B)]. Moreover, in previously published binders from
NNK libraries, which conserve E15 and 131, only site 28
exhibited cysteine enrichment (Figure 3A). We aimed to
evaluate the ability to evolve affibody ligands with limited
cysteines, both to require intramolecular stability in the absence
of disulfide bonds and because cysteine-containing variants may
hinder production in Escherichia coli, increase the likelihood of
aggregation or oligomer formation during purification, and
complicate the use of thiol chemistries in downstream
applications. Thus, in the second-generation library experi-
ments, an additional broad distribution, B, *, that has a lower
cysteine frequency (0.5%) was tested.

Broadened Paratope. Sites 6, 15, 31, and 36 are not
traditionally diversified, but natural sequence diversity in
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Figure S. Aggregate amino acid preferences from natural proteins. (A) Amino acid frequencies observed throughout the third complementarity-
determining region of antibody heavy chains (CDR-H3; Kabat sites 95—102). (B) Relative helical propensity of each amino acid, based on the
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is outside the presented range.

affibody homologues (Figure 4A), computational mutational
tolerance (Figure 3B), solvent accessibility (Table 1), and
amino acid frequency in evolved affibody sequences (Figure 2)
inform mild diversification at these sites. The natural diversity
at site 6 is high [Shannon entropy of 0.49 (Figure 4)].
Mutations to E and A in the context of a HER2 binder were not
destabilizing.* The site is exposed to solvent and could be
expected to interact with the target in many cases; in fact, the
HER2 ligand mutants impacted affinity. Thus, mild diversity
(NSYT) was tested. Site 15 is naturally diverse (Shannon
entropy of 0.39) and tolerant of mutation (15 residues) but is
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pointed away from the paratope and only 38% accessible to
solvent. Despite 55% E on natural homologues, biased E was
strongly depleted in binding populations (from 38 to 18%)
from the initial library. Wild-type Q (30% in homologues) is
conserved in published libraries. S is present naturally (1%) and
enriched in binders (from S to 15%). V (10% naturally and
enriched by 3—5% in binders) was also considered. Thus,
QSEV diversity was allowed. I31 is conserved in previous
libraries and naturally (96% I; Shannon entropy of 0.08) and is
predicted to be poorly tolerant of mutation (only eight tolerant
residues), yet it is in the center of the planned paratope and
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(black) conditions for two high-affinity variants with the most prevalent cysteine pairings (indicated above each plot).

tolerated diversity in the first-generation library analyses. I was
maintained at high levels (from 33 to 32%), but most other
amino acids were also tolerated with the most significant
depletions being S (from 18 to 10%) and Y (from 11 to 8%). A
30:70 mixture of I and the B* codon was used. D36 is
conserved in previous libraries and naturally (80% D, 18% E,
Shannon entropy of 0.20) yet is solvent accessible (66%), could
be expected to contact the target in some cases, and is
computationally predicted to be tolerant to mutation. Diversity
could be beneficial both inter- and intramolecularly, although
such diversity should be minimal to limit detriment. DN
diversity was used. Collectively, these mild diversifications were
evaluated within the second-generation library.

Selections and Evolution from the Second-Gener-
ation Library. We aimed to evaluate the discovery and
evolutionary efficacy of sitewise designs. Thus, we performed a
competition between the second-generation library design, GS,
and the traditional NNK library with broad, near-uniform
diversity. We also included the modified second-generation
library, GS;, which has reduced cysteine content as well as
modifications in the genetically coupled amino acid preferences
(Brc*, details below). The second-generation libraries (Table
S1 and Figure S1) were synthesized with custom degenerate
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oligonucleotides assembled by overlap extension PCR and
introduced into the yeast display system by homologous
recombination. A total of 1 X 10° variants were achieved for
each of the three library designs. High-throughput sequence
analysis of each library revealed the expected distributions on
an amino acid basis [median absolute deviation from design,
fobserved — faesignl = 0.5% (Figure S2B—D)]. To evaluate the
generalizable discovery/evolutionary efficacy, the pooled
libraries were used to identify binders to a broad panel of
seven new targets: death receptor S, transferrin, cytochrome ¢,
glucose-6-phosphate dehydrogenase, CD276, MET, and a
GPCR. Specific binders were discovered and made to evolve
from the combinatorial library using yeast display with
magnetic and flow cytometry selections (Figure SSB). Affibody
variants discovered and evolved from the second-generation
library exhibited affinities from 2 + 2 to 82 + 23 nM (Figure
S6A) with high target specificity (Figure S8). Deep sequencing
of the evolved variants yielded 6 X 10* unique protein
sequences in 5 X 10° diverse families, where families were
dictated by having at least 80% homology throughout the
library positions.

The study aimed to identify site-specific amino acid
preferences consistent with evolutionary efficacy for a broad
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array of epitopes. Thus, multiple targets, each with numerous
potential epitopes, were used for binder discovery and
evolution. While target-specific—and, more importantly,
epitope-specific—preferences may be present, the diversity of
evolved sequences (6 X 10* unique sequences in S5 X 10°
families) mitigates the impact of such biases on the broad
analysis.

Library Efficacy Comparison. The library origin of the
evolved binders was determined by probabilistic sequence
analysis after clustering into families on the basis of 80%
similarity (Materials and Methods). Variants from the GS
library were enriched, whereas variants from the NNK library
were depleted relative to the initial library [p < 0.001 (Figure
7)], which demonstrates the improved evolutionary efficiency

10%
2 5%
2
I
s 0%
S
& 5%
-10%

NNK  GS GS,

Library Origin

Figure 7. Enrichment of second-generation libraries. Sequences were
analyzed for the likelihood of originating from either the NNK, GS, or
GS, library designs. The change in prevalence (frequency in
functional population — frequency in naive library) between the
initial library and binding populations is shown. Significant enrichment
of the GS library was observed at the expense of depletion of both
NNK and GS; (p < 0.001 for GS vs each).

of the sitewise amino acid preferences in the GS library design.
This evolutionary benefit of the GS design is even more striking
(Figure S7) in a population that was further enriched for even
stronger affinity binding [affinities from 0.9 & 0.1 to S + 2 nM
(Figure S6)]. These results summarize the collective advantage
of sitewise constraint in evolutionary discovery. Additional
analyses and experiments, which follow, were performed to
further elucidate the molecular aspects of this advantage.

GS was also superior to GS;, which differed only in the
codon design at the nine broadly diversified sites. Thus, the
evolutionary preference for the B* codon design over the B *
codon was examined to elucidate relative efficacies of each
amino acid. As noted, the motivation to create B c* was to
reduce cysteine content (from 2.5 to 0.5%) to isolate disulfide-
free and thiol-free binders. Unlike the first-generation library, in
the context of the additional amino acid diversity constraint in
the second-generation library, the cysteine content is depleted
during evolution (Figure 8). In particular for the GS library, the
contents of variants with two or more cysteines are dramatically
reduced (59-fold for two-cysteine variants and Sl-fold for
three-cysteine variants). Cysteine depletion is observed during
evolution of binders from the NNK library but to a reduced
extent (2- and 28-fold for two- and three-cysteine variants,
respectively) relative to the sitewise constrained library.

Via genetic code coupling, cysteine reduction also results in
reduction of F, S, L, Y, W, G, and R; the aim for the antibody-
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Figure 8. From the second-generation libraries, both the NNK and GS
designs yielded fewer cysteines in the evolved populations compared
to the initial libraries. (A) Absolute and (B) relative changes in
frequency are shown. These modest levels were even slightly depleted
among evolved variants.

and first generation affibody-inspired amino acid distribution
also results in increases for D, E, H, K, N, and Q_(Figure 9A).
Of the amino acids with a higher frequency in the initial B¥
codon sites versus B; ¥, W and L are enriched and F and Y are
maintained at high levels upon evolution of the binder (Figure
9BC). Conversely, S, G, R, and C are depleted. This is
consistent with the evolutionary benefit of these aromatics and
hydrophobics leading to the superiority of B* despite the
evolutionary inefliciency of S, G, R, and C. Notably, the results
support the aforementioned rationalized reduction in the levels
of G and R relative to antibody CDR-H3. Of the amino acids
with a lower frequency in the initial B* codon sites versus By -*,
levels of H, K, N, and Q_are reduced or kept low. Conversely, E
is enriched and D is maintained at a high level. These results
suggest that depleted H, K, N, and Q also contribute to B*
superiority versus B;* whereas depleted E hinders B*.

Sitewise Amino Acid Frequencies. Sitewise amino acid
frequencies (Figure 10) provide valuable insight for elucidating
the evolutionary benefit of the constrained GS design and
guiding further refinement. P, Q, K, and C are consistently
depleted at broadly diversified sites in evolved binders. S is
depleted at all sites but site 18. The aforementioned benefit of
W is especially observed at sites 14 and 17, adjacent sites on the
“top” of helix 1, and is also mildly enriched at other sites. Two
other residues that improve B* relative to B ¢*, F and L (and
homologue I), are generally enriched in helix 2.

At site 9, enrichment of W (from 16% to 31%) and L (from
12% to 21%), as well as maintenance of a high level of
hydrophobic M (5%), in evolved binders demonstrates the
value in constraining diversity to increase the initial frequencies
of these residues within the GS library, yet depletion of the
remainder of the constrained subset suggests further constraint
on WLM could be advantageous to both increase the frequency
of these beneficial residues and decrease the frequency of
detrimental options, especially cationic R (from 17% to 5%)
and K (from 7% to 2%). At site 11, which is relatively exposed
(51% SASA), the strong hydrophilics D and N are enriched
whereas the intermediate hydrophilics S, Y, T, and A are
depleted. Thus, the GS design benefits from D and N bias but
is hindered by bias to S, Y, T, and A. At site 13, aromatics (F
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and Y) and hydrophobics [F, I, and V from already elevated
initial frequencies, and L from rare mutagenic PCR (from 0.1%
to 0.7%)] were enriched in evolved binders whereas hydro-
philics (D, N, S, and T) and the small A were depleted. Further
hydrophobic constraint of this modestly buried site (27%
SASA) to FLIV would likely provide additional benefit. Site 24
(88% SASA) generally tolerates its relatively broad diversity.
The reasonably buried (27% SASA) site 27 benefits from bias
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to hydrophobic I and V, which are strongly enriched in evolved
binders, but is hindered by bias to R, K, M, and L, which are
depleted upon evolution.

Strong wild-type enrichment is observed at several of the
newly diversified sites (Figures 10 and 11A). At site 15, wild-
type E enrichment is countered by depletion of S and V while
wild-type homologue Q is slightly enriched. At site 31, in
addition to wild-type I, homologue L and similar hydrophobe V
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traditionally mutated sites (TGS 3 gies)-

are enriched while numerous amino acids are depleted. Site 36
reveals a more modest shift in its wild type, D, along with
significant depletion of the alternative mutant offering, N. At
site 6, the Z-domain wild-type N is depleted, as well as T; S is
maintained, and Y is enriched. Notably, alanine, conserved in
the first-generation library because of its benefit in the
optimized affibody backbone® and able to appear in the second
generation via mutagenic PCR and homologous recombination
with a linearized vector encoding A, is enriched. As a result of
these wild-type preferences, variants with mutation at three or
four of these newly diversified sites are depleted (Figure 11B).
Interestingly, though wild-type conservation is modestly
preferred at site 36, mutation is strongly enriched in evolved
binders if it is the only mutation within this set of newly
diversified sites (Figure 11D) or it occurs in tandem with
mutation at site 6 (Figure 11E), but co-mutation of site 36 with
site 15 or 31 is depleted in binders. Dual mutation of sites 15
and 31, with or without further mutation at site 6 or 15, is
strongly depleted. Overall, in the evaluation of the newly
created diversity at sites 6, 15, 31, and 36, mild diversity is
tolerable, but further constraint from the second-generation
design would improve evolutionary efficiency. The ability of the
GS library to outperform NNK despite the detrimental
overdiversification of these sites indicates significant evolu-
tionary value to the other modifications: B* codon biased
diversity rather than NNK at broadly diversified sites and
constrained diversity at sites 9, 11, 13, 24, and 27. Analysis of
the traditionally diversified 13 sites in functional variants reveals
13-fold enrichment of variants of constrained design (Figure
12).
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Figure 12. Sequences were placed into one of two bins: one in which
variants were entirely wild-type (WT) at all four newly diversified
positions (A6, E15, 131, and D36) and a second in which were
collected the variants that contained a non-WT amino acid at any of
the four new sites. Within each bin, sequences were analyzed at the 13
classically diversified positions for the likelihood of having originated
from either the NNK or GS library design.

The NNK library provides a naive design benchmark, which
demonstrated the overall evolutionary advantage of the GS
library (Figure 7), and can also be used assess the merit of
sitewise amino acid preferences. The changes in sitewise amino
acid frequencies from the initial NNK library to binders that
evolved from the NNK library (i.e., observed experimental
evolution) were compared to the changes designed into the
constrained sites of the GS library (i.e., predicted to improve
evolution) (Figure 13A). Experimental values correlate with
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predicted design (slope = 0.23 + 0.05; p < 0.001). For
comparison, evaluation of evolution away from the GS library
indicates negligible correlation [slope = 0.03 + 0.04; p = 0.38
(Figure 13B)]. This further supports the evolutionary merit of
the GS design relative to naive NNK. Evaluation of
experimental versus design correlation at each site reveals
comparable correlation at most sites with an especially strong
correlation at site 17, driven by the predicted enrichment of Y
and D as well as depletion of R, and a lack of correlation at sites
9, 24, and 28 (Figure S4). Overall, the sitewise biases of the GS
library design have proven to be superior to those of the broad,
near-uniform NNK library for binder evolution.

Stability. Constrained diversity is designed, in a sitewise
manner, to elevate the frequency of evolutionarily beneficial
amino acids while reducing the frequency of detrimental
residues to search more fruitful regions of sequence space. One
expected mechanism of this hypothesis is that select
detrimental residues destabilize the scaffold, thereby precluding
potentially effective binding paratopes because of their entropic
cost””'% or enthalpic destabilization beyond a foldable
limit.”>** It has been shown that more stable scaffolds allow
improved evolution.””**'%" A related, but distinct, hypothesis is
that a reduced level of destabilization upon mutation improves
evolvability. That is, a combinatorial library that contains
variants that are less destabilized will contain a larger fraction of
folded variants as well as a smaller entropic penalty upon
binding (Figure 14A). To partially address this hypothesis,
thermal stabilities of several evolved binders were measured by
thermal denaturation and circular dichroism spectroscopy
(Figure SSA). Random binding variants that evolved from the
GS library exhibit thermal stabilities (T, = 62 = 4 °C) higher
than those of variants from NNK libraries either in this study
(T, =42 £ 12 °C; p = 0.02) or in the literature (49 + 8 °C; p
< 0.001) (Figure 14B). Notably, the NNK-based binders from
this study are not more stable than NNK-based binders in the
literature. Thus, the eukaryotic expression machinery of yeast
surface display (compared to phage display selections from the
literature) is not responsible for stability enhancement. Rather,
the amino acid constraint in the GS library design accounts for
this stabilization.

The improved performance of the GS library was achieved by
biasing amino acid diversity, including eliminating select amino
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acid options, within the 13 sites traditionally diversified while
also expanding diversity by varying four previously conserved
sites. The constraint reduced possible sequence space 80-fold
and also biased the search of the possible space by the
preferential occurrence of select amino acids. This biased
diversity was 13 =+ 3-fold more effective than the uniformly
applied NNK diversity (Figure 12). The introduced diversity at
sites 6, 15, 31, and 36 increased sequence space 800-fold;
variants with zero to two mutations, particularly at sites 6 and
36, were found to be evolutionarily eftective, whereas triple and
quadruple mutants were less functional (Figure 11). Thus,
while diversity at these sites is functional, they would benefit
from further bias. Overall, the GS library has a 10-fold greater
potential sequence space (Figure 14C) but searches this space
in a manner more biased than that of the NNK library. The
average uniformity of diversity, as measured by Shannon
entropy, of the NNK library is 0.97 versus 0.74 for the GS
library (Figure S9). Overall, the result of the sitewise bias in the
GS library is a higher frequency of binder discovery (Figure 7
and Figure S7) and more stable binders (Figure 14B).

B CONCLUSION

In this study, amino acid frequency distributions for each site in
a combinatorial affibody library were designed from a multitude
of inputs: high-throughput binder evolution, computed mutant
stabilities, target accessibility, helical propensity, chemical
complementarity, and frequency in natural homologues. We
evaluated the efficiency of the gradient sitewise (GS) design by
direct competition of multiple libraries in the context of binder
discovery against a collection of protein targets. Site-specific
amino acid bias, as well as introduced diversity at four
additional positions, in the GS library allowed evolution that
was more efficient than that produced by the traditional
approach of homogeneous diversity across all diversified sites in
the NNK library. Analysis indicates that GS’s evolutionary
benefit resulted from the sitewise constraint and in spite of the
broadened diversity at sites 15 and 31. Amino acid preferences,
both overall and at select sites, were revealed. The first-
generation library, designed to explore sitewise amino acid
preference from a broad range of paratopes, exhibited diversity
much broader than optimal, as assessed by sitewise frequencies
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Figure 14. (A) Hypothetical stability distributions of mutant
populations derived from a single starting point (i.e., parental
clone). A parental clone (vertical solid line labeled AGy,) is randomly
mutated, yielding a population with distributed stability. Properly
folding proteins are located to the left of the dashed line where the free
energy of folding is negative (shaded region). A base case is shown in
the top panel. The middle panel presents a more stable parent (AG,
= —3) with an equivalent broad distribution of destabilization like the
base case (AAG; = 3). A third example is shown in the bottom panel
where the parental clone has stability equivalent to that of the base
case (AGgy = —3); however, upon mutation, a much lower extent of
destabilization is observed throughout the population. This illustrates
situations in which, relative to the base case, an increased fraction in
functional variants can be attained using either a more stable starting
point or a reduced level of destabilization upon mutation. (B) Clonal
stability of several high-affinity binders analyzed using circular
dichroism. Measurements of randomly chosen clones having
originated from either the gradient sitewise (GS) or NNK design
are shown alongside stability measurements previously reported in the
literature. Average stabilities (green bars) were found to be 49 =+ 8, 42
+ 12, and 62 + 4 °C for published, NNK, and GS variants,
respectively. (C) Relative sequence space afforded by each of the
libraries discussed in this work: first generation (Gen 1, gray),
traditional design (NNK, green), and second generation (GS, gold).
Sequence diversity coverage shared between Gen 1 and GS is colored
blue. Sequence space existing within both NNK and GS is colored red
between the green and blue regions. Relative to NNK (13 library
sites), the theoretical sequence diversity values of GS (17 sites) and
Gen 1 (1S sites) are larger by 10- and 400-fold, respectively.

in evolved repertoires. In fact, these “overdiversified” paratopes
frequently required cysteine pairs to achieve functionality.
Conversely, reduction of the levels of undesirable amino acids
at select sites in the second-generation library greatly reduced
the presence of cysteine pairs in evolved clones. Moreover, the
sitewise bias yielded variants (15 °C higher midpoint of thermal
destabilization) with a stability higher than that of NNK-based
variants. Evolutionary efficiency benefits from increased
frequency of not only amino acids that drive intermolecular
interactions but also intramolecularly tolerated mutants that
weaken destabilization. Overall, the library design approach
favoring constrained amino acid diversities that take into
account complementarity, amino acid frequencies in previously
discovered binders, diversity in natural homologues, and
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solvent-exposed surface area produces binding ligands more
efficiently than the unconstrained NNK library design in the
afhbody scaffold.
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