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ABSTRACT: The development of inhibitors for protein—protein inter-
actions frequently involves the mimicry of secondary structure motifs. While
helical protein—protein interactions have been heavily targeted, a similar
level of success for the inhibition of f-strand and f-sheet rich interfaces has
been elusive. We describe an assessment of the full range of f-strand
interfaces whose high-resolution structures are available in the Protein Data
Bank. This analysis identifies complexes where a f-stand or [-sheet
contributes significantly to binding. The results highlight the molecular
recognition complexity in strand-mediated interactions relative to helical

Multichain complexes
in the PD

Alanine scanning and
other analysis

B-strand PPIs

interfaces and offer guidelines for the construction of $-strand and f-sheet
mimics as ligands for protein receptors. The online data set will potentially serve as an entry-point to new classes of protein—

protein interaction inhibitors.

P rotein—protein interactions (PPIs) regulate a wide array of

cellular processes and are attractive targets for drug
design.' ™ Successful approaches to the design of PPI inhibitors
include high throughput screening of compound libraries,
fragment-based screening, and the mimicry of interfacial
protein segments that promote complex formation.*™® Rational
design of protein domain mimetics requires access to high-
resolution structures of protein complexes and understanding
of the features of protein interfaces.”’ ™ Mimicry of helical
domains has successfully yielded inhibitors of intractable
protein—protein interactions.”'*™"* This success has required
knowledge of the helical regions key to the interactions as well
as the design of synthetic scaffolds that can mimic the attributes
of protein helices. To guide the design of helix mimics, we
previously described analysis of protein complexes whose high-
resolution structures have been deposited in the Protein Data
Bank and cataloged interfacial helices that feature clusters of
residues that contribute significantly to binding."*"” The hot
spot residues were characterized using computational alanine
scanning mutagenesis analysis.'® > Here, we describe a similar
effort to decode protein interfaces that contain f-strand and f-
sheet segments. To our knowledge, one similar effort to identify
[-sheet interfaces has been reported.21 In this survey, Nowick,
Baldi, and co-workers created a database of f-strands that form
sheets with f-strands from another protein chain.

We identified roughly 15000 f-strand motifs that make
valuable contributions to the overall stability of the complex;
mimicry of these strands will potentially lead to potent
inhibitors. Our analysis shows that, as with a-helical interfaces,
aromatic and hydrophobic hot spots are critical for strand-
mediated protein—protein interactions."® Backbone hydrogen
bonding, which is utilized by strands but not a-helices for
recognition, introduces unsystematic diversity to p-strand
binding interactions.”” Single S-strands can be localized in
nonenzymatic protein pockets much as is seen in canonical
enzyme—substrate complexes.”® Strands participating in PPIs
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can also exist as part of a f-sheet where the partner protein
recognizes side chains on one or multiple strands. f-strands
may utilize side chain functionality on one face or both faces of
a single strand for interaction with the partner protein. Lastly,
P-strands may form hydrogen-bonding interactions with the
partner or they may interact exclusively with side chain
functionality. Our results offer impetus for the construction of
synthetic strand scaffolds but suggest that multiple design
strategies will be required to match the diversity present in -
strand-mediated protein—protein interactions.**

B RESULTS AND DISCUSSION

Peptidomimetics have a rich history as f-strand mimetics to
inhibit enzyme activity.”*** For example, the HIV-1 protease
has been successfully targeted with a diverse set of clinically
useful strand mimics.*****” Similarly, synthetic strand and
sheet mimics have been described as modulators of protein
aggregation.28 Cell surface f-strand and f-sheet proteins have
been targeted by macrocyclic peptides and synthetic antibodies.
AP33 is a neutralizing antibody that binds a S-hairpin peptide
epitope on the E2 envelope glycoprotein of hepatitis C virus,
pertuzumab binds the receptor tyrosine kinase ErbB2, and
cetuximab binds to EGFR’s extracellular domain.** ' Grb2’s
SH2 domain and the E3 ubiquitin ligase EGAP have both been
the subjects of peptide or peptidomimetic macrocycle develop-
ment.>** Many successful efforts to develop p-strand, f-
hairpin, and p-sheet mimetic scaffolds have been under-
taken,”>****™* although the applications of these scaffolds to
the disruption of PPIs remains limited.”**~*

Here, we present a comprehensive analysis of fS-strands in
PPIs to construct a list of suitable targets. Our studies are
centered on the identification of clusters of interfacial residues
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Figure 1. (a) Schematic for identification of protein interfaces in the Protein Data Bank (PDB) where a f-strand contributes significantly to complex
formation. (b) Protocol for extracting f-strand complexes from multichain entries in the PDB. Biological assemblies from the PDB were analyzed
using computational alanine scanning mutagenesis to create the data set hosted at www.nyu.edu/projects/arora/sippdb/. The data set allows division

of f-strand interfaces into high-affinity and low-affinity interactions.

that contribute to AGyyging With the hypothesis that mimicry of
the disposition and orientation of these hot spot residues will
lead to successful inhibitors.">'® Several methods to evaluate
the relative importance of different residues to a binding
interaction have been described, with alanine scanning
mutagenesis”® and ASASA>™>* calculations the most com-
monly employed. Alanine scanning consists of the serial
generation (either computational or experimental) of alanine
point mutants; point mutants leading to a large change in
binding energy upon mutation to alanine (AAG) are likely to
be important wild-type residues."*'”** Commonly, residues
whose mutation to alanine results in a decrease in binding
energy of AAG > 1 kcal/mol are designated hot spot residues.
In contrast, ASASA describes the amount of solvent-accessible
surface area that is buried by the residue in question upon
binding; the more surface area buried, the greater the entropy
decrease upon binding due to desolvation. For this study, much
as for our recent work on helical interfaces,'” both AAG and
ASASA are evaluated, though AAG alone was used to
determine if a strand interacts strongly with a binding partner.>*

Procedure for Identifying f-Strand Interfaces in
Protein—Protein Interactions. An overview of the approach
is depicted in Figure 1. Crystal and NMR structures of protein
complexes were obtained from the Protein Data Bank.>® For
crystal structures, the multimodel biological assembly files were
acquired. Each individual model was refined using the Rosetta
“relax” protocol, which involves iterations of all-atom
minimization with restraints followed by side-chain repacking.
Following this procedure, the best-scoring model was retained
for further analysis. Each pair of protein chains was extracted
and separately processed by computational alanine scanning
using RosettaScripts’® and by the ASASA calculation utility
NACCESS.”” The secondary structure content of the chains in
question was evaluated using the Dictionary of Secondary
Structure Prediction (DSSP).58 Three or more consecutive
residues with a hydrogen bonding pattern characteristic of §-
strands, assigned “E” by DSSP, were considered to be S-strands
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for the purpose of this study. The online data set contains a
listing of all high affinity f-strand complexes. For each high
affinity strand entry, we recorded the total, per-residue average,
and percent contribution of both AAG and ASASA. We also
recorded parameters such as length, distance between terminal
hot spots, and the relative hot spot positions. The “Mimetic-
Score” represents the sum of the three highest-AAG hot spot
residues, and may be used to compare entries in the entire data
set.

Classification of Interfacial f-Strands. We classified
interfacial strands as strongly interacting or high affinity f-strands
if they contained two or more hot spot residues. Hot spot
residues are defined as residues whose mutation to alanine
results in a concomitant reduction in the binding affinity of the
complex by AAG > 1 Rosetta Energy Unit (or REU).
Apparent “hot spots” of glycine and proline were omitted from
consideration, since such point mutations likely lead to
nonlocal effects that are poorly modeled by a fixed-backbone
protocol; in particular, glycine to alanine mutations can result in
clashes only present in the bound complex that could be
relieved by backbone perturbations. AAG values exceeding 8.0
REU were reduced to 8.0. We obtained an initial data set of
17,182 multiprotein entries, clustered to ensure <95% sequence
identity, from the PDB. These entries resulted in 37 574 pairs
of two-chain complexes; using these criteria, 14940 high
affinity p-strands were found. Roughly 38000 interface p-
strands feature zero or one hot spot residues and are classified
as weakly interacting B-strands.

The average length of -strands in protein complexes that are
part of the PDB is five residues, and each strand averages at
least one hot spot residue (Table 1). Comparison of the
strongly and weakly interacting f-strands suggests that high
affinity f-strands are critical to the overall stability of the
complex; fB-strands in these interfaces contribute 22% of the
overall binding interactions, which is significant given the low
number of interacting residues. The strongly interacting strands
feature 2.5 hot spot residues with a high average per residue
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Table 1. Comparison of Statistics for Strongly and Weakly
Interacting Interfacial #-Strands

strongly weakly
interacting /- interacting -  all interfacial f-
strands (14 strands (38 strands in PPIs
940) 027) (52967)
interface strand 59+123 44 + 1.6 4.8 +2.0
length, residues
no. of hot spot 2.5 +£0.87 0.53 £ 0.49 L1+ 11
residues
per-residue AAG, 1.2 £+ 0.65 0.47 £ 0.40 0.67 £+ 0.57
REU
per-residue , —41 + 20 —22 + 16 -27 + 19
ASASA, A?
hot spot residue 24 + 1.6 2.0 + 0.96 21+ 1.1
AAG, REU
% contribution to 22 £ 15 9.7 + 12 13 + 14
AAGeomplex
% contribution to 17 + 13 94 + 11 11 + 12
ASASA omplex
distance between first 39 + 1.8 n/a n/a

and last hot spot
residue, A

AAG of 2.4 REU, implying that mimicry of these strands will
lead to potent inhibitors of protein—protein interactions.
Because backbone hydrogen bonds are a critical component
of f-strand complexes,” the alanine scanning AAG values
likely underrate the overall interaction energy but remain a
good measure for assessing the sequence-specific contribution of
each residue. Indeed, seminal work on f-sheet interactions, in
which both strands are hydrogen bonded, has included in vitro
alanine scanning and has found substantial sequence-specific
effects.*>®" We have compiled the results in an online database
hosted at www.nyu.edu/projects/arora/sippdb/. The database
provides descriptions of each high affinity strand, including
number of hot spot residues and per residue AAG, with links to
the PDB entry for each strand.

Functional Distribution of g-Strands in All Multi-
protein Complexes. f-Strand interactions are often asso-
ciated with enzymes because protease substrates adopt
extended conformations.”® In the construction of this database,
we removed all enzyme/f-strand substrate interactions to have
the results reflect participation of strands mediating protein—
protein interactions. S-Strand interfaces in fact participate
widely in protein—protein interactions that involve enzyme
partners where the strand is not manipulated by the enzyme
action. Only such f-strand interactions are included in our data
set. f-strand interfaces are also involved in a diverse set of other
biological processes, including transcriptional regulation and
protein folding (Figure 2a). Comparison of f-strand and helix
mediated interactions reveals that enzymes such as oxidor-
eductases, transferases, hydrolases, and lyases amount to 55% of
f-strand interactions and 67% of a-helix mediated interactions,
suggesting that protein—protein interactions represented in the
PDB broadly involve at least one enzyme partner. This finding
indicates that f-strand and helix mimetics may both serve as
inhibitors of enzymatic function not by direct targeting of the
catalytic pocket but by interrupting signal transduction
pathways mediated by certain enzymes.

We compared the functional distribution of f-strands in all
multiprotein complexes in the PDB to a subset consisting of
only heterodimeric $-strand interfaces to determine if different
classes of strand-mediated complexes (i.e., homodimers and
heterodimers) diverge in function. We considered a set of 2330
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Figure 2. (a) Analysis of high affinity f-strand interfaces shows that
these complexes participate in a wide-range of biological functions, but
protein—protein interactions where one partner is an enzyme are the
dominant category. (b) Comparison of the functions associated with
the helix and strand data sets (helix in black; strand in colors) shows
that the distribution of functions is similar across these two classes of
secondary structure-mediated PPIs, with strands dominating inter-
actions related to the immune system. (c) The functional distribution
of strand-mediated nonimmunoglobulin heterodimers shows that PPIs
with enzymatic function play a prominent role in different subsets of
protein complexes, but other categories such as transcription are better
represented in heterodimers without the influence of immunoglobin
dimers.

heterodimers and further eliminated entries whose protein
names contained “heavy chain” and “light chain” to diminish
the influence of immunoglobulin interactions, in which f-sheets
are dominant secondary structures. The pruned data set
contains 1221 complexes. Comparisons of functions associated
with all biological assemblies (Figure 2a) and heterodimeric
complexes only (Figure 2c) indicates that enzymatic complexes
dominate f-strand PPIs across different types of complexes, but
categories such as transcriptional complexes are better
represented in the pruned set of heterodimers.
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Contribution of Individual Residues to p-Strand
Interactions. We analyzed the high affinity strand interfaces
to assess the relative contribution of individual residues to
protein complex formation (Figure 3). Hydrophobic and
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Figure 3. (a) Distribution of hot spot residues in high affinity -
strands. (b) The data from part a normalized to the natural abundance
in strands of each amino acid. (c) The normalized distribution of
strand hot spots compared to the normalized distribution of helical hot

spots (black bars).

aromatic residues dominate the binding energy landscape,
accounting for roughly 40% of the hot spot residues (Figure
3a). When normalized for natural abundance,®* we find that
nonpolar aromatic residues, histidine, and arginine are
overrepresented as hot spots at strand interfaces in comparison
to polar residues (Figure 3b). These results correlate with the
types of amino acids appearing as hot spot residues in protein
interfaces,*>%* although our data set is considerably larger
than those previously examined. The normalized distribution
for fB-strand hot spots can be compared to those of a-helices
(Figure 3c). Interestingly, the energetic contribution of
individual residues to helical or strand interfaces is roughly
the same for individual amino acids. The comparison suggests
that complexation of strand and helical interfaces share similar
side chain recognition principles.

We analyzed the relative contribution of each hot spot amino
acid to f-strand binding interactions (Figure 4). The relative
binding contribution (AAG) of different hot spot amino acids
correlates well with the normalized occurrence shown in Figure
3b but not with the raw data in Figure 3a. While leucine is the
most prevalent hot spot residue in f-strands, its contribution to
binding is less significant when it does appear. In contrast, the
aromatic residues and arginine are both more prevalent as hot
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Figure 4. Average AAG of different hot spot amino acids found in
strongly interacting f-strands. Aromatic residues and arginine make for
the strongest interactions, while small polar and aliphatic residues are
the weakest.

spots compared to their natural abundance, and they serve as
strong hot spot residues when they do appear.

Geometrical Diversity in f-Strand Interfaces. f-Strand-
mediated interfaces are geometrically diverse,* especially in
comparison to the order presented by helical PPIs, which
primarily differ in the number of helical faces involved in
binding interactions.'® The contribution of backbone hydrogen
bonding to strand interactions, but not helical motifs, is an
important factor that enhances diversity of the recognition
motifs available to strands (Figure S).

single strand

multiple strands

side chain only

partner protein

H-bonding

-

2
Figure S. Schematic representing simplified f-strand interactions with
a complementary protein receptor shown as green surface. f-Strands
utilize a diverse range of binding strategies; for example, -strands may
interact alone or as part of a ff-sheet of two or more strands, and -
strands may form hydrogen bonding interactions with the partner or
they may interact exclusively with the side chain functionality.
Additionally, a f-strand may interact with the side chains of only

one face, or it may employ both faces for interaction with the partner
protein.

To categorize this diversity, we began by examining the
binding energetics of f-strands on different faces to determine
if hot spots are largely featured on one face, as with a-helices.
The data reveals that high affinity f-strands can be divided into
three categories (Figure 6): those with two faces contributing
equally to the interaction, those with one face that contributes
almost all of the AAG (90% or more), and those where both
faces contribute unequally but significantly to the interaction.
The results indicate that only a quarter of the -strands employ
only one face for interactions. Although hot spot residues are
typically unequally divided on the two strand faces, the analysis
suggests that synthetic scaffolds would typically need to mimic
both faces to be broadly useful as inhibitors of PPIs.
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Figure 6. Hot spot residues are unevenly distributed among the two
faces of a f-strand, with the higher affinity face on average controlling
70% of the total AAG. (a) A pie chart describing three approximate
classifications of f-strands. (b) A histogram of the percentage of the
total AAG associated with the stronger-interacting face, providing a
higher-resolution account of the data summarized by the pie chart.

We evaluated the different types of interactions f-strands
participate in with binding partners in the context of
transcriptional complexes. Manually filtering for unique strands
with three or more hot spot residues resulted in a set of 172
entries describing 133 distinct protein—protein interactions.
Two-thirds of these entries described a f-sheet-formation
interaction, 95% of which were antiparallel in orientation.
Across the PDB, antiparallel f-sheet orientations are more
prevalent, on the order of 3:1, as compared to parallel sheets.®®
Antiparallel arrangements are thought to possess better
hydrogen bonding geometry®® and overall energetics.”” The
greater prevalence of antiparallel strand orientations in
protein—protein interactions may reflect the more stringent
energetic criteria for quaternary versus tertiary structure
association.

In these f-sheet interactions, strands made an average of ten
hydrogen bond acceptors and donors available to the partner
protein, with two-thirds of the carbonyls and amide N—H’s
participating in hydrogen bonding. Hydrogen bonding
potential between partner carbonyl C=0 and amide N—H
groups was judged using the standard distance and angle
criteria: a hydrogen—oxygen distance less than 2.7 A (i.e., their
van der Waals radii are in contact) and a N—H—O angle greater
than 110°. In contrast, hydrogen bonding potential was not
fulfilled in interface strands that do not form sheets, with only
19% of the exposed hydrogen bond donors and acceptors
forming hydrogen bonds. Multivalent interactions are also
common in this set, with roughly two-thirds of the interfaces
using more than one high affinity strand for binding
interactions. This result suggests that hairpin and pJ-sheet
mimetics will have a substantial role as protein—protein
interaction inhibitors.**
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Survey of the Data Set. Table 2 depicts five representative
examples present in the database that display the diversity of -
strand interfaces. For each entry, a cartoon representation of
the complex with the strand(s) highlighted in magenta is
provided alongside a representation of the strands in sticks and
the partner protein in cartoon with pertinent side-chains
displayed in sticks. Entry 1 depicts a high affinity f-strand
found in the ternary complex between IKBf and NFkappaB
p65 homodimer, at the p65 homodimer interface. Except for a
carbonyl-histidine hydrogen bond, the entire interaction is
mediated by side-chain packing interactions and a glutamate-
arginine charged interaction. Entry 2 depicts the bacillus
transcriptional regulator C-125, as an example of a -strand that
forms a sheet at the interface. Entry 3 depicts part of Bcl6
corepressor making a unique interaction with RING finger
protein 1. Exactly one face of hydrogen bonds (alternating
amides and carbonyls) is occupied by a strand in the partner
protein. Meanwhile, one face of the strand (an F, F, and L)
pack in a hydrophobic groove formed by a helix of RING, while
the other face (M, E, S) interact with one face of the
aforementioned partner strand. Bcl6 contains an additional high
affinity strand, antiparallel to the one depicted, which does not
form hydrogen bonds with the partner; the two may be
mimicked with a f-hairpin. Entry 4 shows a f-hairpin found in
the Rap30/Rap74 complex of human transcription initiation
factor IIF. Entry S shows a pair of nonhairpin strands from the
HTH-type transcriptional regulator LRPC, as an example of a
complex in which one chain possesses multiple high affinity
strands without that do not participate in a hairpin relationship.

In summary, we have cataloged f-strand interfaces whose
structures are available in the Protein Data Bank according to
the relative contribution of individual strands to complex
formation. Our evaluations suggest that there are roughly 15
000 high affinity f-strands mediated protein—protein inter-
actions. Mimics of these strands would lead to potent inhibitors
as has been illustrated for helical PPIs; however, the variety and
complexity of f-strand-based interface structures is staggering
and suggests that a range of synthetic approaches will be
required for inhibition. A large proportion of p-strands
participate in sheet interactions, which points to an important
role for f-hairpin and f-sheet mimics.

B METHODS

Given a PDB file with <95% sequence homology to those already in
the database, the following general procedure was employed. First, the
PDB was “cleaned,” removing HETATM entries and any crystal water.
Then, the PDB was separated into its distinct MODEL entries. One to
four models are common for biological assemblies derived from X-ray
structures, while 20 are typical for NMR structures; viral capsid
structures can have 60. Each model was subjected to refinement using
Rosetta’s relax protocol, with atoms restrained to their initial
coordinates and with extra side chain rotamers generated for the
first and second jy-dihedral angles. Five refined structures were
generated for each model, and the lowest-energy model (using
Rosetta’s talaris2013 scoring function) was selected for further
processing. This relaxation procedure identifies the model from a
multimodel PDB file that is best compatible with the Rosetta scoring
function. Moreover, it helps to correct structural errors like steric
clashes, misassigned side chain amides in glutamine and asparagine,
and problematic rotamers. Correcting these errors in the starting
structure prior to alanine scanning avoids an asymmetrical comparison
between a poor input structure and a repaired alanine point mutant.

We applied the DSSP program to generate secondary structure
assignments for that best model and then split it into individual files
for each chain and for each pair of chains. We performed alanine
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Table 2. Selection of the Diverse f-Strands Catalogued by SIPPDB“

% Contribution

Complex Hot spots (MimeticScore)
1. Only side-chain interactions (10Y3, chain B) — P65/P65
i,it2,it4
0,
E211, 1.6881 3(96'50/1"{@3?
F213,3.1826 )
L215,2.1768
i,itl,i+2, it4,
i+5, i+6, it7, i+8
S145,1.0588
H146, 2.1864 17.5% AAG
E147,1.0397 (5.3 REU)
L149, 1.6620
K150, 1.6949
MI151, 1.2744
H152, 1.9825
3.
i, i+2,i+4
0,
F1596,3.3213 3(39'21/;;%?
F1598,4.3172 ’
L1600, 1.4547
4. Hairpin (1F3U, chain A) — TFIIF o/ TFIIF B
N green: i, i+2, i+3, i+5
[ s 193, 1.2049
V95, 1.0093 25.1% AAG
F96, 3.0797 (5.7 REU)
E98, 2.3400 ’
0,
magenta: i, i+2, i+3 ?501A) RAE?J?
L104, 1.4687 ’
L106, 1.4915
E107,2.1201
/4
5. Independent sheet components (2CFX, chain A) — LRPC/LRPC
green: i, i+2, i+4
F93, 1.4132
D s
> (6.7 REU)
magenta: i, i+2, i+3, i+6 16.2% AAG
H131, 1.0704 (53 REU)
1133, 1.9872 ’
F134,1.2298
1137,2.8886

“MimeticScore, in the final column, is the sum of the AAG values of the three highest AAG hot spot residues.

scanning using the RosettaScripts AlaScan filter, averaging the result of
20 applications for better convergence and again using talaris2013 for
scoring.

The subsequent data were processed with Perl scripts to identify
strands (ie., sequences of three or more residues long) with two or
more hot spot residues (AAG > 1.0 REU). Those interfaces with such
qualifying strands were processed using the SASA calculation program
NACCESS (the program was run on the files for each individual chain
and on the complex file) and further analyzed to produce the data set
available online at http://www.nyu.edu/projects/arora/sippdb/.
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