Allosteric Modulation of Binding
Specificity by Alternative Packing
of Protein Cores
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Abstract

Hydrophobic cores are often viewed as tightly packed and rigid, but they do show some plasticity and could
thus be attractive targets for protein design. Here we explored the role of different functional pressures on the
core packing and ligand recognition of the SH3 domain from human Fyn tyrosine kinase. We randomized the
hydrophobic core and used phage display to select variants that bound to each of three distinct ligands. The
three evolved groups showed remarkable differences in core composition, illustrating the effect of different
selective pressures on the core. Changes in the core did not significantly alter protein stability, but were linked
closely to changes in binding affinity and specificity. Structural analysis and molecular dynamics simulations
revealed the structural basis for altered specificity. The evolved domains had significantly reduced core
volumes, which in turn induced increased backbone flexibility. These motions were propagated from the core
to the binding surface and induced significant conformational changes. These results show that alternative
core packing and consequent allosteric modulation of binding interfaces could be used to engineer proteins
with novel functions.

Crown Copyright © 2018 Published by Elsevier Ltd. All rights reserved.

Introduction

A common characteristic of most native proteins is a
well-ordered and solvent-inaccessible core, composed
mainly of hydrophobic side chains. Hydrophobic cores
are often tightly packed and show densities resembling
those of organic crystals [1]. They play critical roles
in protein folding and in maintaining conformational
stability [2—4]. The evolutionary rates of core residues
are significantly slower than those of surface residues

[5], and hence, hydrophobic cores are highly conserved
and explore fewer combinations in sequence space
[5-7]. However, as demonstrated by numerous
mutagenesis studies, protein cores do show some
plasticity [8—12]. Thus, proteins with new core compo-
sitions may preserve native function and biophysical
properties [13—15], but they may also display new
properties such as increased stability [16—19], altered
binding specificity [20-22] and modulated conforma-
tional dynamics [23-25]. However, while the
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Fig. 1. Fyn-SH3 core variants evolved in response to different selection pressures. (a) Structure of human Fyn-SH3 (PDB
entry 1SHF). The main chain is shown as a gray ribbon and the seven core residues that were randomized in the library are
shown as magenta sticks. (b) Sequence logo representation (Weblogo [111]) of natural SH3 and Fyn-SH3 variant cores.
Logos are shown for sequences of natural SH3 domains (297 human and 9 yeast SH3 domains), Fyn-SH3 and Fyn-SH3
variants selected for binding to class | peptide P1 (n = 18), class Il peptide P2 (n = 19) or SAP-SH2 (n = 18). (c) 2D MCML
projection of the sequence space defined by the amino acid composition of the 7 core residues for 9 yeast SH3 domains
(squares), 297 human SH3 domains (circles) and 55 Fyn-SH3 variants (triangles). Symbols for Fyn-SH3 variants are colored
red, blue or green for those selected for binding to the P1 peptide, the P2 peptide or SAP-SH2, respectively.

importance of core mutations for folding and
structural stability is well described, the relationship
between the protein core and function remains
poorly understood.

Here, we used the SH3 domain from human Fyn
tyrosine kinase (Fyn-SH3) as a model to explore the
relationship between the protein core and ligand
recognition. SH3 domains typically recognize short
stretches of proline-rich sequences within proteins
[26] and serve to mediate interactions within signaling
pathways. These proline-rich sequences usually
form a left-handed polyproline type Il helix [26].
SH3 domains are classified according to the orienta-
tion of the peptide ligand, with class | or Il domains
recognizing peptides of the form [R/K]xxPxxP or

PxxPx[R/K], respectively [27,28]. The orientation of
the peptide backbone is reversed in the two classes
[28,29], but in both, the Pro residues fit into pockets
on the domain surface and the arginine/lysine side
chain is bound in a negatively charged cleft [30]
(Fig. S1A-B). Thus, a conserved peptide-binding
site that is common to most SH3 domains mediates
the canonical proline recognition modes. However,
non-canonical binding modes have been reported
[31], and some of these interactions are mediated
through alternative binding sites [30,32]. Fyn-SH3
is particularly interesting because it can interact
with both class | and class Il ligands (Fig. S1A-C),
and in addition, with the globular SH2 domain of
SLAM-associated protein (SAP-SH2) through a
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Table 1. Thermostabilities and affinities of Fyn-SH3 variants

Domain Selection Sequence? Tin? Kp® ICs0”
ligand (°C) (UM) (M)
18 20 26 28 39 50 55 P1 P2 SAP-SH2
wt L F F | A | \Y 74 0.18 £ 0.02 1.70 £ 0.02 0.98 + 0.12
(1) (1) (1)
A1 P1 - - - - - \' L 74 0.16 = 0.01 19+02 1.1 0.1
(+ 1.1) (1 1.1) (1 1.1)
A7 P1 - - | - - \' L 67 0.27 = 0.01 0.70 = 0.08 0.80 = 0.04
(1 1.5) (4 2.4) (+ 1.2)
A10 P1 - - - \ M \' - 65 0.50 + 0.06 1.80 £ 0.3 54 +05
(1 2.8) (1 1.1) (1 5.5)
Cc10 P2 - L Y L F S L 63 8.7+ 0.5 0.6 £ 0.1 270+ 0.5
(t 48) (4 2.8) (1 2.8)
D10 P2 - L L \ L G L 51 1.00 = 0.06 40x04 2.6 0.5
(1 5.6) (1 2.4) (1 2.7)
E6 SAP-SH2 | \Y \Y - \Y \ - 65 149+12 11.2+11 24 +0.5
(1 83) (1 6.6) (1 2.4)
E8 SAP-SH2 \Y | \Y \Y \Y \ L 73 125+ 1.1 95+0.6 25+04
(1 69) (1 5.6) (1 2.6)

@ The amino acid sequence at each core position is shown, and dashes indicate identity with the wild type.
P The melting temperature (T;,,) was determined by CD spectroscopy.

¢ Kp was determined by tryptophan florescence. The fold-change relative to wt is shown in parenthesis.

9 |Cso was determined by competition ELISA. The fold-change relative to wt is shown in parenthesis.

distinct binding site that has only minimal overlap
with the canonical binding site [33] (Fig. S1D).

While binding specificity is predominantly deter-
mined by surface residues [34,35], previous studies
suggested that SH3 domains are plastic and binding
specificity can be influenced by long-range effects
[36—38]. Thus, the hydrophobic core may play a role in
ligand recognition. To explore the role of the core in
SH3 domain function, we randomized the Fyn-SH3
core and examined alternative packing compositions
in response to different functional pressures. Our
results indicate that Fyn-SH3 adopts different core
compositions in response to different functional
pressures, which alter binding specificity without any
direct changes at the domain surface. Crystallographic
and molecular dynamic (MD) simulation analyses of a
Fyn-SH3 variant showed that mutations reduced the
core volume, which in turn enhanced conformational
flexibility and altered the binding surface. Our results
highlight the importance of networks that mediate
long-range interactions and connect core residues
with surface residues.

Results

Divergent cores evolve under different functional
pressures

We used in vitro evolution of Fyn-SH3 to explore
the effects of different functional pressures on
core composition and ligand specificity. We con-
structed a phage-displayed library to fully random-
ize the seven most buried residues in Fyn-SH3

(Fig. 1a), henceforth referred to as the “core”. The
library was subjected to three independent selec-
tions toward three distinct ligands: a class | peptide
(P1, VSLARRPLPPLP) [39], a class Il peptide (P2,
PPLPPRNRPRL) [40], and SAP-SH2 [33,41]. A
total of 55 variants with unique core sequences
were selected from the three selections (Fig. S2).
Analysis of these core sequences revealed remark-
able diversity among the different selections, as
well as relative to natural SH3 domains (Fig. 1b). On
average, the variants selected for binding to P1 had
the fewest mutations relative to wild-type Fyn-SH3,
while those selected for binding to P2 or SAP-SH2
were more heavily mutated (Figs. S2 and S3). We
also compared each variant group to natural SH3
domain sequences using a two-dimensional pro-
jection of the sequence space (Fig. 1c). This
analysis showed that the core sequences of
variants selected for binding to P1 or SAP-SH2
occupy sections that overlap with each other and
with some of the natural SH3 sequences.
In contrast, the variants selected for binding to P2
occupied a distinct region in sequence space,
which lies far away from natural SH3 domains,
including from those that bind class Il peptides (Fig.
1c).

Close inspection of variant sequences shed light
on the observed differences between the three
groups. Although most of the sequences resemble
naturally occurring variations (Fig. 1b), positions 39
and 50 differ greatly, especially for the P2 selectants.
Most natural SH3 domains, including Fyn-SHS,
contain a small residue (e.g., glycine or alanine) at
position 39 and a large residue (e.g., phenylalanine
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Fig. 2. Peptide-binding specificities of Fyn-SH3 core variants. (a) Binding specificities represented as logos (WebLogo
server [111]) for Fyn-SH3 and representative variants selected for binding to peptide P1 (A1), peptide P2 (C10) or SAP-
SH2 (E6). The number under each logo denotes the number of unique peptides used to generate the logo. (b) Divergent
binding specificities correlate with divergent core compositions. The x-axis is a linear projection of sequence space of the
cores. The y-axis shows the fraction of unique selected peptides corresponding to class I. The variant C10, which selected
only class Il peptides, was set as the origin of coordinates. The positions of other variants on the x-axis were determined by
their Grantham distance [112] from C10. (c) The average peptide-binding capacity (i.e., number of unique selected
peptides, y-axis) of Fyn-SH3 variants selected for binding to the indicated selection ligand (x-axis). (Data represent
mean =+ s.d.). (d) For Fyn-SH3 variants selected for binding to the indicated selection ligand (x-axis), the plot shows the
fraction that selected at least some non-canonical peptides (y-axis). See Fig. S5 for details.

or isoleucine) at position 50. In contrast, most of the
P2 selectants showed the opposite trend with large
and small residues dominating at position 39 or 50,
respectively (Fig. 1b). Furthermore, in both P1
and SAP-SH2 selectants, position 39 is frequently
occupied by methionine (40%), which is rare in
natural SH3 domains (<1%). Positions 39 and 50
are in close proximity (distance between side chain
atoms is 3.7 A), suggesting that coevolution of these
positions may be driven by volume compensation
effects. Indeed, it was shown previously that strong
covariation exists between these positions [42].
The P2 selectant group is also unique in the frequent

occurrence of tyrosine at position 26 (37%), which is
rarely found in natural SH3 domains (<3%), and this
difference is also likely coupled to differences at
positions 39 and 50.

These results show that Fyn-SH3 variants adopt
drastically different core compositions in response
to different selective pressures. In turn, the com-
position of the hydrophobic core may affect the
conformation of the binding surface and thus alter
domain function. Therefore, to further characterize
the SH3 core variants, we selected representatives
from each selection group and performed stability
and binding assays.



340

Alternative Packing of Protein Cores

Fyn-SH3 variants are stable but show altered
ligand affinities

We purified seven Fyn-SH3 variants and assessed
protein stability by measuring melting temperatures
(T,) using circular dichroism (CD) spectroscopy. Wild-
type Fyn-SH3 exhibited a T;,, of 74 °C, which is in good
agreement with a previous report [43]. The T, values of
the variants ranged from 51 to 74 °C, with a mean of
65 °C (Table 1, Fig. S4A). Thus, all tested variants were
fairly stable, and any observed changes in binding
affinities were likely due to changes in binding
interactions (i.e., local effects rather than global effects).

We assessed the affinities of the Fyn-SH3 variants for
the three ligands used in the selections, either by direct
detection of binding for the peptides or assessment of
competition for SAP-SH2 (Table 1, Fig. S4B-D). The
three P1 selectants retained wild-type-like affinities for
peptide P1. Notably, with the exception of SH3-A10,
which exhibited 5-fold reduced affinity for SAP-SH2,
these variants also exhibited wild-type-like affinities for
peptide P2 and SAP-SH2, although there was no
selective pressure to retain affinity for these ligands.
The two P2 selectants showed varied binding proper-
ties. While SH3-D10 showed mild decreases in affinity
for all three ligands, SH3-C10 showed an almost 50-fold
decrease in affinity for peptide P1.

The two SAP-SH2 selectants showed mild de-
creases in affinity for SAP-SH2 (~2-fold) and peptide
P2 (~5-fold), and drastic decreases in affinity for
peptide P1 (>50-fold). This may be explained by the
fact that the SAP-SH2 binding interface overlaps only
partially with the canonical peptide-binding site [33,41]
(Fig. S1C-D). Therefore, the absence of selective
pressure to retain the appropriate conformation of the
peptide-binding site may have led to its disruption, as
indicated by the drastic decrease in affinity for peptide
P1. However, this explanation is complicated by the
fact that affinities for peptide P2 are only reduced
slightly, although both class | and class Il peptides bind
to the same site, albeit in opposite orientations [28,29].
Thus, despite a common binding site, it seems that the
different binding modes for class | and class Il peptides
resulted in different effects on binding due to core
mutations evolved in response to SAP-SH2 binding.

Overall, these results suggest that alternative core
compositions selected in response to different ligands
may induce structural changes in the canonical
peptide-binding site, which consequently have differ-
ential effects on binding affinities for class | and class I
peptides. Thus, for all 55 selected variants, we further
analyzed the effects of the diverse core compositions
on peptide ligand specificity.

Peptide ligand specificity is linked to core
composition

To comprehensively assess binding specificities
of the 55 selected variants in an unbiased manner,

we performed binding selections with a random
phage-displayed dodecapeptide library. By deep
sequencing of the phage pools, we obtained large
numbers (several hundreds to thousands) of unique
peptide ligands for wild-type Fyn-SH3 and for each
of the 55 variants (Figs. 2a and S5). As described
previously [44,45], large sets of peptide ligands can
be clustered on the basis of sequence similarity to
define different binding modes in cases where
domains recognize more than one type of ligand.
Moreover, the relative affinities of a domain for
each type of ligand are roughly correlated with
the proportion of total peptides assigned to each
cluster (i.e., more peptides in a given cluster indicate
that peptides of that type are preferred relative to
peptides in other clusters).

The sequencing results largely confirmed the picture
that emerged from the affinity measurements. Unlike
variants from the class | selection, which resembled
wild-type Fyn-SH3 with strong preferences for class |
peptides, variants from the class Il selection displayed
diverse specificities. Interestingly, as the core compo-
sition diverged further from the wild-type, the class |
binding mode became progressively weaker and the
class Il binding mode became stronger (Fig. 2b).
Furthermore, the variants from the class Il selection
segregated into three sub-groups: (i) class-I-like
binders, (ii) intermediate binders that bound almost
equally well to class | and class Il peptides, and
(iii) class-ll-like binders. These groups seem to
represent points in the course of transition from
class | domains to class Il domains. In general, the
peptide-binding capacity (i.e., the number of unique
peptides selected by an SH3 variant) was reduced for
class Il domains relative to class | domains (Fig. 2c).
Moreover, whereas only 1 of 18 variants from the class
| selection recognized non-canonical peptides, almost
one third of the variants from the class Il selection were
capable of recognizing non-canonical peptide motifs
(Figs. 2d and S5), suggesting that core substitutions in
variants from the class Il selection not only altered
specificity but also increased promiscuity.

Relative to both P1 and P2 selectants, the
SAP-SH2 selectants showed the lowest peptide-
binding capacity, (Figs. 2c and S5), presumably
due to reduced binding to polyproline motifs.
Furthermore, two variants (E10 and F9) did not
select any peptides, suggesting that the peptide-
binding surface was severely compromised. On
the other hand, a majority (60%) of the SAP-SH2
selectants bound to non-canonical peptides, many
of which contained a distinctive RLR sequence
(Figs. 2d and S5). Notably, the surface of SAP-SH2
that interacts with Fyn-SH3 is positively charged
[33], suggesting that these non-canonical peptides
may bind to the SAP-SH2 binding surface rather
than the polyproline-binding site. Indeed, other
non-canonical peptides have been shown to bind
to alternative binding sites [31].
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Table 2. Summary of data collection and refinement
statistics

Data collection SH3-E6

Space group . P2,

Unit cell: a, b, ¢ (A), B (°) 23.99, 36.23, 38.65, 99.52
Resolution range (outer shell, A)? 36.23-1.40 (1.42-1.40)
Number of unique reflections® 12,781 (564)

Rsym® 0.053 (0.400)
Completeness (%)? 98.4 (87.7)
Redundancy? 3.7 (3.1)
Mean(//o(l))? 16.5 (3.3)
Refinement statistics of the current model
RwordRiree 0.143/0.172
Rmsd bonds (A)/angles ) 0.016/1.8
Ramachandran plot

Favored regions (%) 98.67

Outliers (%) 0.00
No. atoms

Protein, water, others 612, 61, 20
B factors

Protein, water, others 12.3, 20.1, 22.9
PDB code 6EDF

2 Values in parentheses are for the highest-resolution shell.
® Molprobity (http:/molprobity.biochem.duke.eduy).

The structure of variant SH3-E6 reveals an unusual
ligand interaction and reduced core volume

To gain insights into the structural changes
induced by core substitutions, we determined the
crystal structure of SH3-E6, a Fyn-SH3 variant
with significantly altered binding specificity. Variant
SH3-E6 was selected for and retained binding
to SAP-SH2, but it exhibited reduced affinity for
peptides P1 and P2 (Table 1), and it bound to
non-canonical peptides containing an RLR motif
(Fig. 2a). We designed a fusion protein consisting
of SH3-E6 with a non-canonical peptide ligand
(°**MGPVLRLRAFYN”®, referred to as peptide
RLR) fused to its C-terminus and solved the crystal
structure at a resolution of 1.4 A (Table 2). As
hoped, the SH3 domain is bound to the fused
peptide of a symmetry-related copy of the fusion
protein inside the crystal lattice.

The binding site for peptide RLR, a groove between
the RT and n-Src loops, overlapped mainly with
the SAP-SH2 binding site rather than with the
polyproline-binding site (Fig. 3a—c). The molecular

Fig. 3. The crystal structure of SH3-E6 in complex with peptide RLR. (a) Surface representation of SH3-E6 with
residues that interact with polyproline peptides, SAP-SH2 or both, colored magenta, blue or green, respectively.
(b) Ribbon representation of SH3-E6 (colored as in panel A) in complex with peptide RLR (red). (c) Superposition of
SH3-E6 (colored as in panel A) in complex with peptide RLR (red) and Fyn-SH3 (not shown) in complex with SAP-SH2
(yellow, PDB entry 1M27). (d—f) Molecular interactions between SH3-E6 and peptide RLR residues (d) Arg®®, (e) Arg”"
and (f) Tyr’*. Side chains are shown as sticks colored as in panel B, and salt bridges and hydrogen bonds are shown

as dotted lines.
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Fig. 4. Comparison of the cores of SH3-E6 and Fyn-SH3. (a) Superposition of SH3-E6 (salmon) and Fyn-SH3 (blue,
PDB entry 1SHF). Side chains of core residues that differ are shown as sticks and labeled with the residue type in Fyn-SH3
or SH3-E6 to the left or right of the residue number, respectively. (b) Assessment of cavities (gray) in the cores of SH3-E6
(salmon) and Fyn-SH3 (blue). (c) Distributions of the computationally calculated core volumes of Fyn-SH3 variants
selected for binding to peptide P1 (white), peptlde P2 (gray) or SAP-SH2 (black). The variants were grouped according

to their core residue volume in a range of 50 A® (x-axis, e.g.,

“800 A% indicates domains with core volume between

800 and 850 A®), and the frequencies were plotted (y-axis). The core volumes of Fyn-SH3 and SH3-E6 were 969 and

825 A3, respectively.

interactions between peptide RLR and SH3-E6
were consistent with the sequence conservation
observed in the non-canonical peptides selected by
SH3 E6 (Fig. 2a) In particular, the side chains of
Arg®®and Arg in the RLR motif formed saltbrldges
with Asp16 in the RT loop (Fig. 3d) or with Glu®® and
Asp® in the n-Src loop (Fig. 3e), respectively,
and the Tyr’* side chain in the peptide formed a
hydrogen bond with the Tyr'° side chain in the RT
loop (Fig. 3f). These polar interactions were rein-
forced by hydroephoblc |nteract|ons between peptide
residues Pro®®, Vval®’ and Leu’, and SH3-E6
residues Trp®® and Tyr*® (Fig. 3d—f). Notably,
several positively charged side chains in SAP-SH2
also interact with negatively charged side chains in
Fyn-SH3 (Fig. S6) [33], and thus, peptide RLR
partially mimics the interactions of SAP-SH2 with
Fyn-SH3.

Superposition of SH3-E6 with Fyn-SH3 revealed
that while the global folds were very similar (Fig. 4a),
there were differences in the main chains of the RT
and n-Src loops. These regions are known to be
flexible and often show different conformations
between bound and free SH3 domains [46—48],
implying that the binding of peptide RLR contributed

to the observed conformational changes. The hydro-
phobic core of SH3-E6 showed significantly reduced
packing volume compared with that of Fyn-SHS,
mainly due to valines substituting for phenylalanines
at both positions 20 and 26 (Fig. 4a). Consequently,
analysis with the HOLLOW program [49] revealed no
detectable core cavities for Fyn-SH3, whereas
SH3-E6 contained lar ge core cavities comprising a
total volume of 215 A% (Fig. 4b). We also calculated
the densities of the core packlng for all variants by
modeling the substituted side chains of each Fyn-SH3
variant based on existing crystal structures, including
that of SH3-E6, and measuring the filled volume
based on the van der Waals radii of the atoms in the
core. Allbut 8 of the 55 variants were predicted to have
less tightly packed cores than Fyn-SH3, and the SAP-
SH2 selectants showed the smallest filled core
volumes (Fig. 4c). Notably, core cavities have been
shown to be positively correlated with increased
conformational flexibility [50,51], suggesting that the
main chains of most of the Fyn-SH3 variants are likely
to be more flexible that of Fyn-SH3.

Taken together, our analysis suggested that
variations in the core volumes of the Fyn-SH3
variants contributed to altered ligand specificities. The
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Fig. 5. MD simulation analysis of Fyn-SH3 and SH3-EB6. (a) Average RMSF curves of the main chain atoms of SH3-E6
(dashed line) and Fyn-SH3 (solid line). The secondary structure of Fyn-SH3 is shown below. The gray triangles indicate
sequence differences between SH3-E6 and Fyn-SH3. (b) Comparison of the average RMSD values of the polyproline-
binding site residues calculated from the MD trajectories of Fyn-SH3 and SH3-E6. (c) Analysis of representative MD
simulation models of Fyn-SH3 (left) and SH3-E6 (right). Representative ensemble of 27 models was selected from each
MD trajectory (i.e., each 6 ns, a model was sampled in the full trajectory of 160 ns of MD simulation). The peptide-binding
residues are shown as sticks (colored differently for each model), and the Fyn-SH3 reference structure (PDB entry 1SHF)

is shown in gray.

structure of SH3-E6 showed that the reduced core
volume induced slight shifts in the main chain and side
chains, presumably due to enhanced conformational
flexibility (Fig. 4). This in turn may have affected the
conformation of the polyproline-binding site and may
have contributed to the reduced affinities for peptides
P1 and P2.

MD simulations show enhanced conformational
flexibility for SH3-E6

Crystal structures alone provide only a limited
understanding of conformational flexibility [51],
and thus, we used MD simulations to explore

conformational dynamics. In four replicas, we calcu-
lated MD trajectories totaling 160 ns for Fyn-SH3
and SH3-E6 (the fused peptide RLR of SH3-E6
was omitted). To assess the effect of the new core
composition on global conformational dynamics, we
measured the root mean square fluctuation (RMSF)
(Fig. 5a), which provided a measure of the average
atomic mobility of the backbone atoms during the MD
simulation. As expected, the highest values were
obtained for the RT, n-Src and distal loops, with
SH3-E6 showing overall increased RMSF values
compared to Fyn-SH3. An increase in RMSF was
also seen in the vicinity of the core substitutions,
even in unexpected regions, such as the type Il B-turn
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(residues 20—27) and the 34 helix (residues 51-54)
[48,52] (Fig. 5a). These observations suggested that
the conformational flexibility of SH3-E6 was enhanced
relative to that of Fyn-SH3.

To gain insights into how the increased conforma-
tional flexibility of SH3-E6 perturbed the function of the
polyproline-binding site, we used the MD trajectories
to calculate the root mean square deviation (RMSD) of
this region [42]. Compared to Fyn-SH3, almost all
residues of the SH3-E6 polyproline-binding site
showed higher RMSD values (Fig. 5b). Indeed,
whereas Fyn-SH3 largely retained its conformation
(Fig. 5¢, left panel), residues in the polyproline-binding
site of SH3-E6 showed significant conformatlonal
changes (alg 50 rlght panel) These included Tyr®,
Tyr'%, Trp3¢, Pro®' and Tyr>*, which are known to play
cntlcal roles in the formation of the polyproline-binding
site and interactions with peptides (Fig. S1A-B)
[28,30,42]. However, the most significant changes
were observed for Trp®® (Fig. 5b—c), which is highly
conserved in SH3 domains and is important for
peptide recognition and specificity [53-55,36]. The
crystal structure of SH3-E6 showed only moderate
conformational changes for these residues, but this
may have been due to crystal packing and interactions
with peptide RLR, which were absent in the MD
simulations. Indeed, consistent with our MD simula-
tions, previously determined structures of unbound
Fyn-SH3 core variants showed similar drastic
conformational changes for Trp*® [56,57].

Altogether, these data suggest that the core compo-
sition of SH3-E6 affected the conformations of the RT
and n-Src loops and thus altered the polyproline-
binding site. These changes likely enabled SH3-E6
to explore a broader spectrum of conformations, which
in turn affected binding specificity and enhanced
promiscuity [58—60].

Discussion

We show that alternative core compositions provide
a promising strategy to alter protein function. Selecting
SHS3 cores under different selective pressures lead to
drastically different core compositions, despite the fact
that the selective pressure only acted directly on the
protein surface. Unlike the selection with a class |
ligand that seemed to impose the tightest constraints
and yielded cores closest to the wild type, the
selections with a class Il ligand or SAP-SH2 imposed
weaker constraints that allowed for more diverse core
compositions. Most importantly, alternative cores had
strong and distinct influences on the affinities and
specificities of SH3 variants for different ligands.

Specificity analysis of many SH3 core variants
showed a prevalence of arginine residues in non-
canonical peptide ligands. The crystal structure of
one such ligand in complex with the variant SH3-E6
revealed the critical role that arginines played in the

interaction (Fig. 3). Notably, the SAP-SH2 surface
that interacts with Fyn-SH3 is also positively
charged, and it seems that the arginine residues
in the peptide mimic the SAP-SH2 surface and
provide electrostatic complementarity at the inter-
face (Figs. 3 and S6). This fits with previous studies,
which showed that arginine residues are a key
feature of other non-canonical peptide ligands
[31,34], and that the arginine alone can bind to
Fyn-SH3 [61].

Most SH3 variants, especially SH3-E6 and others
from the SAP-SH2 selection, had reduced core
volumes that could enhance conformational flexibil-
ity, as shown previously [50,51] (Fig. 5). Moreover,
even relatively large volumes with altered core
packing may have induced significant structural
changes that may have been propagated to the
surface [62]. Conformational changes induced by
altered cores seemed to affect the polyproline-
binding site and the RT and n-Src loops, which in
turn altered binding preferences (Fig. 2c—d). Unlike
changes caused by alterations in surface loops that
often show conformational flexibility, the changes in
the polyproline-binding surface caused by changes
in the core were not necessarily expected (Fig. 5).

The evolved cores, especially those selected for
binding to the class Il peptide or SAP-SH2, seemed
to attenuate binding to the class | peptide more
than to the class Il peptide (Table 1). Structures of
Fyn and c-Src SH3 domains in complex with class |
and class Il peptides [39,63] show that the most
significant differences are in |nteract|ons W|th the
specificity pocket, which comprises Trp3¢, Tyr*°
and the RT and n-Src loops, and binds re3|dues
flanking the polyproline motif of the ligand [30,64,65]
(Fig. S1A). Class | peptides interact with the
specificity pocket more extensively than class |l
peptides, and consequently, Fyn and c-Src SH3
domains bind more tightly to class | ligands than to
class Il ligands (Table 1) [39,40]. Thls suggests that
the conformational changes in Trp*® and the surface
loops perturbed the configuration of the specificity
pocket, and this in turn affected binding of the class |
peptide more than that of the class Il peptide. This
may also explain the more drastic (Fig. 1c) and
extensive (Fig. S2) substitutions observed at
positions 39 and 50 in the variants selected with
the class Il ligand and SAP-SH2 compared with
those selected with the class | ligand, as these
positions interact with the specificity pocket and thus
may have been more constrained by the class |
ligand [42,66].

The effects of different selection pressures on ligand
specificity may have implications for the evolution of
SH3 domains. Selections for binding to the class Il
peptide and SAP-SH2 seem to have pushed Fyn-SH3
into a less specialized state. The resulting variants
showed greater core flexibility, which appears to be
associated with more promiscuous specificity. It is
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thus intriguing to speculate that class Il specificity may
be a more ancestral function than class | specificity.
Indeed, previous studies have shown that class Il
specificity is more frequent than class | specificity in
natural SH3 domains [67—69] and in phage-displayed
peptide analysis [31]. Furthermore, peptide array
screening of multiple SH3 domains showed a general
bias toward class Il ligands [69]. Moreover, binding of
class | peptides requires a more precise positioning of
Trp®® [36] and more extensive interactions with the
specificity pocket [39,63]. Presumably, the ability to
sample a broader spectrum of conformations in the
less specialized state could provide promising starting
points [70] for in vitro evolution of SH3 domains with
tailored binding specificities.

These results raise an interesting question: how do
structural changes in the SH3 core propagate to the
surface to alter function? The adjacent antiparallel 33
and 34 strands may play a role, as they contain the
key binding-site residues Trp®® and Tyr*® and the
heavily substituted core positions 39 and 50 (Fig. 1a).
Acting as connectors between the core and surface,
these strands could transduce structural changes in
the core into functional changes at the surface.
Specifically, substitutions at core positions 39 and
50 may affect the conformation of the critical binding
site residue Trp>®, and this may in turn affect ligand
recognition. Moreover, these strands were shown to
be part of highly connected main chain hydrogen bond
networks that extend from the surface, through the
hydrophobic core, to the most distant surface loops
[38,48]. These networks may enable the transmission
of structural changes from substitutions in the core to
residues on the surface, and previous studies of SH3
domains have shown transmission of structural
motions induced by either peptide binding [38,48]
or by mutations [36,50,71,72]. Thus, intramolecular
interaction networks mediate allosteric effects that
play critical roles in protein function [73-75], and
deeper understanding of these networks may facilitate
the design of better binding interfaces.

Materials and Methods

Phage-displayed library construction and selection

The phage-displayed library of Fyn-SH3 core vari-
ants was constructed as described [76,77]. The codons
encoding the seven most buried positions in the core
(18, 20, 26, 28, 39, 50, 55) were substituted with NNK
(N = A/G/C/T, K = G/T) degenerate codons that en-
code for all 20 genetically encoded amino acids, using
oligonucleotide-directed mutagenesis with appropri-
ately designed mutagenic oligonucleotides [78]. The
constructed library contained ~10'° unique members,
which exceeded the maximum combinatorial amino
acid diversity at the seven positions (1.3 x 109).

The SHS3 ligands were purified as C-terminal
GST-ligand fusion proteins, including the class |
peptide P1 (VSLARRPLPPLP), the class Il peptide P2
(PPLPPRNRPRL), and SAP-SH2. Each GST fusion
protein was immobilized on 96-well Maxisorp
Immunoplates (Nunc, Rochester, NY) by incubating
100 pl protein (5 pg/ml) overnightat4 °C. Five rounds
of binding selections with phage pools representing
the Fyn-SH3 library were performed against the
immobilized protein, as described [76,79]. Individual
phage clones from each selection round were
assayed for binding to the ligand by phage ELISA,
as described [80,81], and positive clones were
identified as those that exhibited at least 10-fold
higher signals for binding to the GST-ligand fusion
protein compared with GST alone. The sequences
of positive Fyn-SH3 variants were determined by
sequencing the encoding DNA.

Comparison of SH3 domain core sequences

Manual alignment was performed for the 55 Fyn-
SH3 variants, 9 yeast SH3 domains and 297 human
SH3 domains. The sequences of the seven mutated
core positions of each protein were compared
against all other sequences using percent identity
as a difference metric to generate a 361 x 361
difference matrix. Visualization of the clusters was
performed by using a supervised dimensionality
reduction method, Maximal Collapsing Metric
Learning (MCML) [82], to maximize the separation
between the three Fyn-SH3 selection groups from
which a two-dimensional representation can be
attained. In a supervised setting, each Fyn-SH3
core sequence is associated with one of three
labels (class I, class I, or SAP-SH2). The MCML
objective is to learn a distance function: d(x; x;| A) =
(x; — x,)TA(x,- - X;) (Mahalanobis distance), where x;
and x; are core sequences, such that matrix A is
optimized so that sequences belonging to the same
label are close together. For Fyn-SH3 core variants
the selection groups were depicted by different
colors (class |, red; class Il, blue; SAP-SH2, green),
whereas different specificities for human and yeast
SH3 domains were not depicted.

Thermostability analysis

Each Fyn-SH3 variant was expressed as a 6xHis-
tagged fusion protein and was purified by Ni-NTA
affinity chromatography (Qiagen) followed by size
exclusion chromatography (Superdex-75, GE
Healthcare). Measurements of thermal stability were
performed with an Aviv 62A DS CD spectrometer (Aviv
Associates, Lakewood, NJ). Temperature-induced
melting of the protein was monitored by changes in
the CD signal (ellipticity) at 233 nm, and samples
were heated from 25 to 109 °C in 2 °C increments
with a 1-min equilibration time and a 5-s averaging
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time. Melt profiles were fit to obtain the T,, values,
as described [83].

Affinity measurements

Peptide-binding assays were performed as de-
scribed previously [83]. Briefly, peptide ligands were
purified as 6xHis-tagged fusion proteins to the
N-terminal domain of A repressor. Each Fyn-SH3
core variant was titrated with the peptide fusion
protein, binding was monitored by measuring the
tryptophan florescence (excitation at 295 nM and
emission at 326 nM), and the dissociation constant
was calculated, as described [83].

SAP-SH2 binding assays were performed by
competitive ELISA [76,79] with human SAP-SH2
(residues 1-104) purified as described [84,85]. Briefly,
a subsaturating concentration of Fyn-SH3 variant was
incubated with various concentrations of SAP-SH2 in
solution and unbound Fyn-SH3 variant was captured
with immobilized SAP-SH2 and measured, as de-
scribed [76,79]. The ICsq value was determined as
the concentration of solution-phase SAP-SH2 that
prevented 50% of Fyn-SH3 variant binding to immo-
bilized SAP-SH2.

SH3 domain specificity profiling by peptide-phage
display

Fyn-SH3 variants were purified in a high-throughput
manner as C-terminal GST fusion proteins, as de-
scribed [86]. Peptide-phage selections were performed
using a library of 10'° random dodecapeptides fused
to the N-terminus of the M13 bacteriophage major
coat protein (p8), as described [86]. Briefly, binding
selections were performed in a 96-well format with
one well dedicated to each Fyn-SH3 variant. Phage
pools representing the peptide library were cycled
through five rounds of binding selections against the
immobilized Fyn-SH3 variants, the output from round 5
was amplified by a PCR that added unique barcodes
for each Fyn-SH3 variant, and the pooled samples
were subjected to deep sequencing, as described
[86,87]. Briefly, phage pools were amplified with
unique combinations of barcoded primers for
12-24 cycles using Phusion DNA polymerase (NEB).
Amplified DNA products were analyzed by gel
electrophoresis and quantified using Picogreen
(Thermo Fisher Scientific), and normalized pools
were subjected to deep sequencing analysis (lllumina
Solexa, paired end 100 base reads). Peptide-binding
specificity profiling was carried out as described [31].
The deep sequencing output was analyzed and
filtered using the PHRED quality score, as well as
for absence of cysteine residues and stop codons,
to provide high-quality reads. This analysis resulted
in ~10° peptide sequences that were used to
generate multiple binding specificity profile logos
using the MUSI software [44].

Calculation of core volumes

The sequences of natural human SH3 domains
with structures in the Protein Data Bank (PDB) were
extracted [88], and using CD-HIT [89], redundant
domains with sequence identity greater than 90%
were removed to produce a set of 123 SH3 domains.
The STAMP package [90] was used to superpose
these structures and to perform a structure-based
multiple alignment, which was used to define the
residues for each domain that corresponded to the
seven core residues of Fyn-SH3 that were diversi-
fied in the library. A “core box” was defined as the
volume that contained all side chain atoms of the
defined core residues, and for each SH3 domain
structure from the PDB, the core volume was
calculated as the volume occupied by atoms of the
core residues by adding the volumes of their van der
Waals spheres. To obtain an estimate of the core
volume of each Fyn-SH3 variant, MODELLER [91]
was used to create a homology model that was
used to calculate the core volume, as described
above.

Crystallization, diffraction, structure determination
and refinement

The variant SH3-E6 was purified as a fusion
protein with a C-terminal extension consisting of a
four-residue linker followed by peptide RLR
(GSAAMGPVLRLRAFYN), as described [31]. The
protein sample was concentrated to 15 mg/ml and
subjected to crystallization trials. Crystals formed at
18 °C under sitting drop vapor diffusion with the
precipitant buffer containing 20% PEG 3350 and
0.2 M magnesium acetate.

Diffraction data were collected at the Canadian Light
Source, beamline 08ID [92], integrated with XDS [93]
and merged with the program AIMLESS [94] from
CCP4 [95]. The structure was solved by molecular
replacement with PHASER [96] using coordinates of
mouse Fyn-SH3 (PDB entry 3UF4, Joint Center for
Structural Genomics & Partnership for T-Cell Biology)
as a model. Residues of the C-terminal extension
were manually built using COOT [97] into a map
from ARP/WARP [98]. The current model was obtained
after several rounds of manual rebuilding in COQOT,
refinement in REFMAC [99] and validation
with MOLPROBITY [100] within the PHENIX suite
[101]. PDB [102] deposition was prepared with
PDB_EXTRACT [103].

MD simulations

The crystal structure coordinates of human Fyn-
SH3 (PBD entry 1SHF) and SH3-E6 were used
as starting points for MD simulation analysis. Each
structure model was explicitly solvated by 3370 TIP3P
water molecules [104] in truncated octahedral periodic
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boundary conditions using TLEAP [105]. Sodium
counter ions were added for overall charge neutrality
and periodic boundary conditions were applied. MDs
were performed using the SANDER module in the
AMBER 10 package with FFO3 force field [106]. Bonds
to hydrogen were constrained using SHAKE [107] to
permit a 2-fs time step, and the particle mesh Ewald
[108] algorithm was used to treat long-range electro-
static interactions. The non-bonded cutoff was set
at 12.0 A. Systems were energy minimized using a
combination of steepest descent and conjugate
gradient methods. Each system was equilibrated and
heated over 100 ps to 300 K, and positional restraints
were gradually removed. The Langevin thermostat
was used to maintain the temperature of the systems
at 300 K with a collision frequency of 1 ps™ [109].
Production MD runs of four replicates of 40 ns for
each system were obtained from randomized starting
velocities, and a total of 160 ns of conformational
space exploration was obtained for each system.
Structural alignments were performed fitting the atoms
of the main chain of each domain to the crystal
structure of Fyn-SH3. The RMSF and the RMSD of all
the replicas were obtained using the analysis tool
VMD [110]. Hydrogen bonds were identified and
quantified using CPPTRAJ in AMBER with a length
cutoff of 3.5 A.

Accession numbers

Coordinates and structure factors of the Fyn-SH3
variant SH3-E6 have been deposited in the PDB
under the accession number 6EDF.
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