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ABSTRACT: Src homology 3 (SH3) domains are widely known for their ability to
interact with other proteins using the canonical PxxP binding motif. Besides those well-

ez

characterized interaction modes, there is an increasing number of SH3 domain-

containing complexes that lack this motif. Here we characterize the interaction of SH3
domains, in particular the Bin1-SH3 domain, with the intrinsically disordered part of

nonstructural protein SA of the hepatitis C virus using noncanonical binding sites in

addition to its PxxP motif. These binding regions partially overlap with regions that

have previously been identified as having an increased propensity to form a-helices. Remarkably, upon interaction with the Bin1-
SH3 domain, the a-helical propensity decreases and a fuzzy complex is formed.

S rc homology 3 domains (SH3 domains) are small, S0—80-
residue protein domains that mediate protein—protein
interactions. They can be found in a variety of proteins
regulating dynamic cellular processes like signal transduction.
Their structure is characterized by a five-stranded f-barrel with
a hydrophobic cleft on the surface (Figure 1A), which is mainly
formed by aromatic residues. The hydrophobic pocket
recognizes left-handed polyproline type II (PPII) helices.
This proline-rich sequence motif, called the PxxP motif, can
interact in two orientations with the SH3 domain and can thus
be classified into two distinct groups. Class I ligands have the
consensus sequence +pxPpxP in common (P, conserved
proline residue; p, often proline residue; +, positively charged
amino acid residue; x, any amino acid residue), whereas class 11
ligands consist of a PpxPp+ sequence. The basic amino acid
residue interacts with a negatively charged residue in the RT
loop of the SH3 domain and thus defines the orientation of the
ligand (for a review, see ref 1).

In addition to this canonical PxxP binding mode, SH3
domains also interact with protein partners via other,
noncanonical binding modes. An increasing number of
complexes between SH3 domains and peptides that lack the
canonical PxxP motif have been identified and structurally
characterized.” These nonconsensus SH3 ligands can be very
diverse, ranging from the SAMP motif that interacts with the
SH3 domain of DDEF1 (development- and differentiation-
enhancing factor 1)® to the PxxDY motif that interacts with
Eps8L1* and a (R/K)xx(R/K) motif that binds to the Gads-
SH3 domain.>® Recently, Perez et al.” reported an allosteric
mechanism for the SH3 domain of c-Src that interacts via a
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noncanonical binding mode with its Unique domain. This
interaction is prevented when a polyproline ligand is bound to
the canonical PxxP binding site at the opposite surface of the
SH3 domain.” Another motif containing mainly positively
charged amino acid residues was reported to bind to the SH3
domain of bridging integrator protein 1 (Binl),® a pro-
apoptotic tumor suppressor, which is the major target of this
study. Via its SH3 domain, Binl interacts with a variety of other
proteins, including c-Myc and dynamin.”'® Furthermore,
interactions of the Binl-SH3 domain with viral proteins,
including nonstructural protein 3 of alphaviruses'' and
nonstructural protein SA (NSSA) of the hepatitis C virus,
have been reported.'>™*

Nonstructural protein SA (NSSA) of the hepatitis C virus
(HCV) is involved in a variety of viral and cellular processes.
NSSA is indispensable for viral replication and particle
assembly, although no direct enzymatic activity has been
attributed to it. The domain structure of NSSA is shown in
Figure 2A. Its N-terminal region contains an amphipathic helix,
anchoring NSSA to the membranes of the endoplasmic
reticulum, followed by a well-folded zinc-binding domain
(D1)."*'® The C-terminal part of NS5A, comprising domains
D2 and D3, is intrinsically disordered.'”~"* The three domains
are linked by so-called low-complexity sequences LCS-1 and
LCS-2. LCS-2 contains a proline-rich region comprising two
class II PxxP motifs (PP2.1 and PP2.2) as well as a class I motif
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Figure 1. (A) Structures and electrostatic surface potentials of SH3 domains of Src, Fyn, PI3K, and Binl used in this study. Surface electrostatic
potentials of the Binl-SH3 [Protein Data Bank (PDB) entry IMUZ], PI3K-SH3 (PDB entry 3I5S), Fyn-SH3 (PDB entry 3UA6), and Src-SH3
(PDB entry 1FMK) domains were calculated using the APBS tools*” implemented in PyMOL.*® (B) Sequence alignment of the different SH3
domains. Positions of the #-strands and the loop regions are indicated at the top. The five N-terminal amino acid residues that do not belong to the
SH3 domain but result from cloning and PreScission cleavage are colored green.

(PP1.2). It has been shown that the PP2.2 motif is highly
conserved among different HCV genotypes and can interact
with a variety of SH3 domains of the Src kinase family,
including Fyn, Lyn, Lck, and Hck, as well as the SH3 domains
of the adaptor proteins Grb2 and Binl.
the results of a nuclear magnetic resonance (NMR)
investigation of the interaction of NSSA with the SH3 domains
of Binl, PI3K, Fyn, and Src (Figure 1B). Our results reveal that
in addition to the canonical SH3 binding to the PxxP motif,
NSSA has two additional low-affinity binding sites for
noncanonical SH3 binding. These noncanonical modes of
binding between NSSA and the Binl-SH3 domain have been
further investigated in terms of structure and conformational

dynamics.

B MATERIALS AND METHODS

Protein Production and Purification. The NSSA frag-
ment containing residues 191—369 [NSSA(191-369)] was
expressed and purified as previously described.”* A second
NSSA fragment, NSSA(191—340), is a shorter variant of
NSSA(191—369) featuring a deletion of the second LCS that
contains the canonical SH3 binding motifs (see Figure 1B). It
was generated by polymerase chain reaction (PCR) using

20,21

1B.

NSSA(191—369) as a template with S'-GGAGGAGGATCC-
CTCCGCGGCGGTGAACCGGAACC-3’ and 5'-GGAGGA-
GCGGCCGCTTAATGCACCACCGGCGGCACATAATC-3’
as primers. The PCR product was subcloned into pGex-6P-2
Here we report on using BamHI and Notl restriction sites. Expression and
prepurification of NSSA(191—340) were conducted as
described for NSS5A(191-369), whereas the PreScission
cleavage products were subjected to a second gluthatione-
Sepharose 4B affinity chromatography (GE Healthcare) step,
followed by size exclusion chromatography [HighLoad SD7S
16/60 (GE Healthcare)]. SH3 domains were expressed as GST
fusion proteins and purified as previously describe
sequence alignment of these SH3 domains is shown in Figure

17,23-2
4737 A

NMR Spectroscopy. NMR experiments were performed on

Agilent VNMRS 600 and 800 MHz spectrometers equipped
with cryogenically cooled triple-resonance (HCN) probes with
pulsed z-field gradients. Al NMR data were processed using
NMRPipe*®and evaluated using CcpNMR.*

The interactions of NSSA(191-369) with the Src-, Fyn-,
PI3K-, and Binl-SH3 domains were studied as reported
previously.'” Briefly, increasing amounts of an unlabeled SH3
domain (1.0 mM stock solution) were added to [U-3C;
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Figure 2. (A) Schematic representation of the domain organization of
NSSA. Ribbon representations of the N-terminal amphipathic helix
(AH, blue, PDB entry 1R7E) and dimeric globular domain 1 (D1, pink
and blue, PDB entry 3FQM) are shown. Red and blue bars indicate
the location of the transiently populated a-helices and the PxxP motifs,
respectively. (B) Chemical shift perturbations in NSSA(191—369)
upon titration with the SH3 domains of Src, Fyn, PI3K, and Binl are
mapped on the primary sequence. On top of the histograms, the
locations of the transiently formed a-helices and the PxxP motifs are
shown. For a NSSA:SH3 ratio of 1:1 (yellow), chemical shift changes
can mainly be detected close to the PxxP motifs. Chemical shift
perturbations at ratios of 1:2 and 1:5 are colored red and blue,
respectively. Residues for which no signal could be detected due to line
broadening upon interaction are marked with yellow circles for the 1:1
ratio and red and blue circles for the 1:2 and 1:5 ratios, respectively.
Proline residues are represented by black diamonds. (C) Amino acid
sequences of the binding regions.

U-"N]-NS5A(191-369) (starting concentration of 0.1 mM),
and two-dimensional (2D) 'H—'*N BEST-TROSY”® spectra
were recorded at [NSSA(191—369)]:[Bin1-SH3] molar ratios
of 1:0, 1:0.5, 1:1, 1:2, and 1:5 at S °C. To identify the binding
interfaces of NS5A(191—340) and Binl-SH3, chemical shift
changes upon addition of Bin1-SH3 to NSSA(191—340) were
mapped. Experiments were conducted in a single titration series
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by adding increasing amounts of U-'*N-labeled Bin1-SH3 (1.54
mM stock solution) to [U-3C; U-N]-NS5A(191-340)
(starting concentration of 0.16 mM). 2D BEST-TROSY-
HNco experiments,”® which allow the separation of signals
belonging to [U-*C; U-'"N]-NS5A(191—340) from those
belonging to [U-'*N]-NSSA Bin1-SH3, were conducted at 5 °C
at [NS5A(191—340)]:[Bin1-SH3] molar ratios of 1:0, 1:0.5,
1:1, 1:2, 1:5, 1:10, and 0:1. The chosen NSSA concentration is
close to the solubility limit of NS5A. Therefore, we did not
attempt to record Binl-SH3 spectra in the presence of a large
excess of NSSA. The weighted chemical shift changes,
AS5(H,N), were calculated using the following equation:
AS(HN) = {[10A6(H)]*> + AS(N)?}/2, The dissociation
constants Kj (for binding of SH3 to B1) and K (for binding of
SH3 B2) were then estimated by fitting the data to the
equations Adg; = A8, ([PL,] + [PL,L,])/[Py] and Adg, =
A6 ([PL,] + [PL,L,])/[P,], with the concentrations of free
SH3 (L), free NSSA (P), SH3-bound B1 (PL,), SH3-bound B2
(PL,), and SH3-bound Bl and B2 (PL,L,) given by the
equations [L] = —a/3 + [2(a* — 3b)"? cos(¢/3)]/3, [P] =
([Po]K3K3)/d, [PLy] = ([Po][L]K3)/d, [PL,] = ([Po][L]Ka)/d,
[PL,L,] = ([Po][L]?)/d, respectively. [P,] and [L,] are the
total NSSA and SH3 concentrations, respectively, and the
parameters 4, b, ¢, d, and ¢ are given by

a=Ky+ Kj— [L,] + 2[B)]

1.-2 1 2 1 2
b = KKy — [Lo]Ky — [LoJKy + [R]K; + [B]K;
¢ = —[L,JKIK]

d = KK + [LI(K} + KJ) + [LT

¢ = arccos(—2a’ + 9ab — 27c)/[21/(a2 - 3b)3]

To identify Binl-SH3 residues affected by either the Bl or
B2 binding sites separately, we used the synthetic NSSA
peptides NSSA(200—228) and NSSA(295—320), which were
purchased as C18 reversed-phase high-performance liquid
chromatography-purified products (JPT Peptide Technologies)
containing an acetylated N-terminus and an amidated C-
terminus. For chemical shift mapping purposes, 2D 'H—""N
BEST-TROSY spectra of the U-""N-labeled Bin1-SH3 domain
in isolation and in the presence of an approximately 10-fold
excess of the individual peptides were recorded.

Carbonyl (CO) and C* chemical shifts of NSSA(191—340)
in the free and complexed state (10-fold excess of Bin1-SH3)
were determined using three-dimensional BEST-TROSY
HNCO and HNCA experiments.”” Secondary chemical shifts
were calculated on the basis of random-coil chemical shifts and
corrected for next neighbor effects.>**" Secondary structure
propensities were determined with the SSP program using HY,
N, Ca, and CO chemical shifts as input data.>*

"N relaxation experiments for measuring T), T, and
heteronuclear {'H}—">N NOE (hetNOE) values were
performed at a 'H frequency of 800 MHz for the free and
SH?;;bound NSSA(191—340) using standard pulse sequen-
ces

B RESULTS

NS5A Binds to SH3 Domains Using Different
Interaction Modes. The interaction of the intrinsically
disordered central part of NSSA (residues 191—369) with the

dx.doi.org/10.1021/bi400363v | Biochemistry 2013, 52, 6160—6168
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Figure 3. Interaction of NSSA(191—340) with Bin1-SH3. (A) Superposed 'H—'°N correlation spectra of NSSA(191—340) upon titration with
increasing amounts of Bin1-SH3. The different color-coded spectra correspond to [NSSA(191—369)]:[Bin1-SH3] molar ratios of 1:0 (black), 1:0.5
(gray), 1:1 (yellow), 1:2 (red), 1:5 (blue), and 1:10 (purple). (B) Chemical shift perturbations measured at NSSA(191—340):Bin1-SH3 ratios of 1:1,
1:2, and 1:§ are colored yellow, red, and blue, respectively. (C) Binding curves obtained for representative residues in the two binding regions, B1
and B2. A global fit yielded a K} of 100 + 50 uM for the B1 region and a Kj of 240 + 50 uM for the B2 region.

SH3 domains of Src-, Fyn-, and PI3-kinases as well as the Binl-
SH3 domain was mapped using NMR titration experiments in
which increasing amounts of SH3 were added to an NSSA
sample. All four SH3 domains induced changes in the NMR
spectra of NSSA (Figure 2B), thus indicating that NSSA
interacts with each of these SH3 domains. First, addition of
small amounts of SH3 led to line broadening of several NSSA
residues within the PP2.2 motif [namely, 1352, R356, and R357
(see Figure 2A)]. In addition, NMR signals from amino acid
residues adjacent to the PP2.2 motif showed chemical shift
changes during titration. Titration of NSSA with either Src-
SH3, Fyn-SH3, or PI3K-SH3 at substoichiometric ratios
resulted in a continuous change in the chemical shifts,
indicating fast exchange kinetics on the NMR time scale,
which is indicative of a comparatively low binding affinity. In
contrast, as already reported previously,'” upon titration with
Bin1-SH3, separate NMR signals are detected for the SH3-
bound and free states of NSSA, indicating a slow exchange
process and comparatively high binding affinity.

Besides the interaction with SH3 domains mediated by a
canonical PxxP motif located in the LCS-2 region of NSSA
(binding site B3), we were able to identify two additional
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peptide regions in NSSA that interact with the four SH3
domains mentioned above (Figure 2B). Upon addition of SH3
at concentrations higher than the equimolar concentration,
chemical shift changes were observed for NS5A residues 200—
228 (binding site B1) and 295-320 (binding site B2).
Interestingly, these binding sites comprise peptide regions
that have been shown to transiently adopt a-helical structure.'”
While for the Src-SH3 domain only marginal chemical shift
changes in the Bl and B2 regions were observed, possibly
indicating a very low binding affinity, large chemical shift
changes and broadening of some NMR signals are characteristic
of the titration with the Bin1-SH3 domain. For the Fyn-SH3
and PI3K-SH3 domains, an intermediate situation was
observed. Upon addition of Fyn-SH3 to NSSA, residues
214-230 showed chemical shift changes and central residues
218-221 experienced line broadening beyond the NMR
detection limit at a 1:5 NSSA:SH3 ratio. Similarly, in the
second binding region, chemical shift changes are observed for
residues 295—320 with several signals disappearing at a 1:5
ratio. For the PI3K-SH3 domain, no severe line broadening was
detected in the B1 region, but several signals in the B2 region
disappeared upon titration.

dx.doi.org/10.1021/bi400363v | Biochemistry 2013, 52, 6160—6168
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Noncanonical SH3 Binding to NS5A. To further
investigate the interaction of the SH3 domain with low-affinity
NSSA binding sites B1 and B2, we designed a shorter NSSA
construct, NSSA(191—340), that lacks the high-affinity SH3
binding site (PxxP motif). The '"H—""N correlation spectra of
NSSA(191—340) and NSSA(191—369) almost perfectly over-
lap (Figure S1 of the Supporting Information), indicating that
the structural and dynamic characteristics of NSSA are very
similar within the two constructs. Importantly, the transient
helical structures that have been identified in the longer
NS5A(191-369) fragment'” remain unaltered in NSSA(191—
340), making this a suitable protein construct for studying the
noncanonical binding of NS5A to SH3 domains. In the
following, we will focus on the interaction of NSSA(191—340)
with the Binl1-SH3 domain that induces the largest chemical
shift changes in the NSSA spectrum. A very similar pattern of
chemical shift changes and line broadening was observed in
NMR titration experiments (Figure 3B) as shown in Figure 2B
for the longer NSSA construct, indicating that the observed
perturbation is due to direct SH3 binding events, and not to
conformational changes induced by the high-affinity interaction
of the SH3 domain with the PxxP motif of NSSA. In Figure 3C,
the chemical shift changes of representative residues within the
two binding regions that do not show significant line
broadening are plotted as a function of the SH3:NSSA
concentration ratio for the NSSA(191—340) construct. A
global fit of the titration curves assuming a kinetic model with
two independent binding sites, B1 and B2, yields a K} of 100 +
50 uM for the B1 region and a Kj of 240 + 50 uM for the B2
region. As shown previously for the long NSSA(191-369)
construct, the B1 site has a 2—3-fold higher binding affinity for
the Bin1-SH3 domain than the B2 site. The absolute K values
should be taken with care as the NSSA constructs have a
tendency to aggregate, and it is therefore difficult to accurately
estimate the binding-competent NSSA concentration.

Our titration data also provided information about the Binl-
SH3 residues that are involved in the interaction with the
noncanonical low-affinity binding sites of NSSA. The measured
'H and "N chemical shift changes are plotted in Figure 4A as a
function of the Bin1-SH3 sequence, and in Figure 4B, they are
color-coded on the structure of Bin1-SH3. Binding of SH3 to
NSSA segments B1 and B2 affects mainly the residues located
in the canonical binding pocket of SH3 domains for polyproline
motifs, which is formed by the RT and N-Src loop as well as -
strands 3 and 4. Low- and high-affinity NS5A binding thus
affects the same binding pocket on the surface of the SH3
domain. Possible differences in the modes of binding of B1 and
B2 to Binl-SH3 were further investigated by NMR titration
experiments of U-'""N-labeled Binl1-SH3 with the unlabeled
synthetic peptides B1(200—228) and B2(295—320). For both
peptides, very similar chemical shift changes were obtained as in
the case of the NSSA(191—340) construct containing both
binding sites (Figure S2 of the Supporting Information).

Our results confirm that each SH3 domain can bind to only a
single NSSA interaction site, and that the different binding
modes are mutually exclusive as they all compete for the same
binding pocket on the SH3 domain.

Changes in the NS5A Structural Ensemble Induced by
SH3 Binding. As the two low-affinity binding regions B1 and
B2 partly overlap with peptide segments that were previously
identified as having increased a-helical propensities, we next
investigated how SH3 binding influences the conformational
sampling properties of NSSA. "*C secondary chemical shifts are
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Figure 4. Chemical shift changes observed upon interaction of
NSSA(191—340) with Bin1-SH3 plotted as a function of the Binl-
SH3 sequence (A) and mapped onto the Bin1-SH3 structure (B). (A)
On top of the histogram, the locations of the S-strands and loop
regions are shown. Chemical shift perturbations at NSSA(191—
340):Bin1-SH3 ratios of 1:1 and 1:0.5 are colored yellow and red,
respectively. Proline residues are represented by black diamonds. (B)
Regions that interact are colored green, whereas noninteracting
regions are colored white.

sensitive reporters of the local backbone geometry and are
routinely used in NMR studies of proteins as a measure of
secondary structural propensities along the polypeptide chain.
Figure SA shows C% and CO secondary chemical shifts
measured in the free and Binl-SH3-bound forms of
NSS5A(191-340). In addition, the SSP score®* that allows
combination of all measured chemical shifts into a single value
is plotted. A positive SSP score provides a quantitative measure
of the percentage of conformers in the structural ensemble with
a-helical geometry, while a negative SSP score indicates the
percentage of extended local geometry. The SSP scores
computed for free NSSA(191—340) are in good agreement
with the previously reported results obtained for the longer
NS5A(191—-369) construct.'” From the SSP scores, we can
identify three NSSA segments with a-helical propensities of
approximately 40% for H1 (residues 205—221) and H2
(residues 251—266) and approximately 50% for H3 (residues
292-306). As expected, only the SSP scores in the two SH3
interaction regions, B1 and B2, comprising helical segments H1
and H3, respectively, were affected by Binl-SH3 binding.
Somewhat surprisingly, the population of a-helical structure
decreases upon binding: the SSP scores in segment Bl are
reduced to almost zero, while for B2, they are significantly

dx.doi.org/10.1021/bi400363v | Biochemistry 2013, 52, 6160—6168
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reduced (although no "*C chemical shifts could be measured
for residues 214—217 and 302—309 because of extensive line
broadening). The observed NMR parameters, i.e., chemical
shifts, are population-weighted averages. Therefore, the differ-
ences observed between B1 and B2 might be due to the lower
binding affinity of B2 resulting in a reduced population of
NSSA molecules in complex with SH3 at the highest
NSSA:SH3 molar ratio (1:10) that was used. For Bl, more
than 80% of the NSSA molecules are bound to SH3, while for
B2, this number is reduced to 65%.

Complementary information about the conformational
dynamics of NSSA in its free state and in complex with Binl-
SH3 was obtained from N relaxation data (T, T, and
hetNOE), plotted in Figure SB as a function of NSSA
sequence. Transiently populated helical segments H1, H2 and
H3 are characterized by hetNOE values higher than those of
the rest of the peptide chain, indicative of an increased level of
local order, as well as a longer T and a shorter T, in agreement
with an increase in the effective local tumbling correlation time,
7c. As expected from the higher molecular weight of the
complex, when SH3 binds tumbling correlation time 7. is
increased (longer T, and shorter T,) in peptide regions B1 and
B2 that bind to the SH3 domain. This observation most likely
also explains the weak (or absent) NMR signals for the central
residues in the binding site. More surprisingly, the hetNOE
values of NSSA residues in the binding regions decrease upon
interaction with SH3, in agreement with a more flexible
structural ensemble. The interaction of NSSA with Binl-SH3
via low-affinity binding sites B1 and B2 thus adds another
example of a “fuzzy” complex®* ¢ formed between a globular
protein domain and an intrinsically disordered protein (IDP).

B DISCUSSION

Viruses extensively use the molecular machinery of the host cell
for either their own replication or to interfere with the cellular
defense mechanisms.”” Nonstructural protein SA of the
hepatitis C virus is a prominent example for such a protein
that has multiple functions during the viral life cycle and
therefore needs to interact with a variety of viral and cellular
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proteins.®® NSSA belongs to the group of IDPs for which
structural flexibility of the peptide chain presents a functional
advantage in terms of binding promiscuity, as well as a high
tolerance to mutations in the viral genome. Interactions are
often meditated by short linear motifs that mimic binding sites
of host proteins. A prominent example is the SH3 domain
binding via PxxP motifs. Three such PxxP motifs are found in
the low-complexitzr sequence LCS-2 of NSSA connecting
domains 2 and 3.%° Especially the second motif, PP2.2, was
shown to interact with various SH3 domains.>" In this work, we
used NMR spectroscopy to characterize these interactions at an
atomic level.

Canonical SH3 Binding of NS5A Mediated by its PxxP
Motifs (B3). The SH3 domains of the four selected proteins,
Src, Fyn, PI3K, and Binl, all interact with NSSA via the PP2.2
motif located in the LCS-2 region, although with different
binding affinities. The strongest binder is the SH3 domain of
Binl that has the most negatively charged binding groove (see
Figure 1A). As the PP2.2 motif of NSSA is followed by three
positively charged residues (R357, K358, and R359), the high
affinity observed for Bin1-SH3 may be explained by additional
electrostatic interactions in the binding pocket that are less
efficient for the SH3 domains of kinases Src, Fyn, and PI3K.

Interestingly, some of our experimental results contradict
previous reports in the literature. First, we observe binding of
NSSA to Src-SH3, whereas no such interaction was detected in
pull-down experiments.*' This discrepancy may be explained by
the rather low affinity of NSSA for Src-SH3, and a large number
of other SH3 domains present in the cell that compete for
binding to NSS5A. Second, the interaction of PI3K-SH3 with
NSSA was reported previously to be independent of the PxxP
motif in the LCS-2 region.3 % However, while He et al,*
according to their pull-down experiments, suggest that the 110
N-terminal residues are necessary for interaction, Street et al.*’
conclude from their work on deletion mutants that the NSSA
region of residues 270—300 is indispensable for SH3 binding.
Our NMR results contradict both of these earlier findings,
clearly demonstrating that under in vitro conditions PI3K-SH3
behaves very much like the other SH3 domains studied here,
although we cannot completely rule out possible cross-talk
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between binding regions Bl and B2 that is eliminated by the
deletion of the intermediate fragment. In addition, under in vivo
conditions where NS5A is attached to membranes and present
in a dimeric state, cooperativity or cross-talk between the
different binding sites might occur, which will influence the
interaction modes. Finally, ITC measurements with Fyn-SH3 in
complex with a short NSS5A peptide containing the PP2.2
motif*' as well as SPR data for the complex of Fyn-SH3 with a
NS5A D2-D3 construct®” are in agreement with a Ky in the
submicromolar range, while our NMR observation of a fast
exchange process between the free and bound form points
toward a much lower binding affinity for this complex.

Noncanonical NS5A Binding to SH3 Domains Induces
an Order-to-Disorder Transition. Here we have shown that
NSSA interacts with SH3 domains via three distinct binding
regions, with one (B3) corresponding to the canonical PxxP
motif and the other two (B1 and B2) not containing such a
canonical SH3 recognition element. Both of these additional
binding sites are characterized by the presence of positively
charged residues, similar to the positively charged segment in
the C-terminal region of B3. These binding motifs, AKRRL for
B1 and LRKSRK for B2 (Figure 2C), are similar to the (R/
K)xx(R/K) motif that has been reported to bind Gads-SH3>°
and the (K/R)xoxKx(K/R)(K/R) motif that also binds to the
Binl-SH3 domain.® In addition, as reported by Kojima et al,®
these positively charged peptide motifs interact with Bin1-SH3
through a surface region very similar to what is used for binding
to PxxP motifs.

As noncanonical binding regions B1 and B2 correspond to a
large extent to NSSA chain segments with a high propensity
(40—50%) to exist in an a-helical conformation, we were also
interested in structural changes induced by SH3 binding. Often,
IDPs interact with their molecular targets via transiently
populated secondary structural elements (a-helices or f-
strands) that act as molecular recognition elements. Binding
occurs via a conformational selection process in which the
preformed structured conformation is stabilized in the complex,
and the IDP undergoes an apparent disorder-to-order
transition.**** However, it has also been reported that in
some cases the IDP stays disordered even when it is bound to
its target protein, forming a so-called fuzzy complex.***>** One
of these examples concerns NSSA, for which it has been
reported *° that domain 3 remains unstructured upon
interaction with the major sperm protein (MSP) domain of
VAPB forming a fuzzy complex. Here, in the case of the
interaction of Binl-SH3 with the noncanonical NS5A binding
sites, we even observe an order-to-disorder transition, as the a-
helical propensity and local order parameters (hetNOEs) are
reduced upon complex formation. The fuzzy nature of the
complex adds an entropic contribution to the binding free
energy that otherwise seems to be governed by electrostatic
interactions between the positively charged residues of NSSA in
the binding region and the negatively charged interaction
surface of Binl-SH3. The fact that the transiently formed a-
helices are not the recognition motifs for SH3 binding does not
exclude the possibility that these preformed structural elements
are of importance for interactions with other proteins. In that
case, we may speculate that binding of NSSA to SH3 domains
via these noncanonical binding sites inhibits binding to some
other (still unknown) protein(s), thus contributing to the
regulation of cellular processes by the virus.

At present, we can only speculate about the biological
relevance of the different NSSA binding sites and modes of
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binding to SH3 domains. Binl is known to form dimers in vivo
through its BAR domain.*® One may thus argue that such Binl
dimers can form a very stable complex with a single NSSA
molecule by simultaneously binding to the conventional PxxP
motif and one of the noncanonical binding regions. This may
allow translocation of Binl even at low cellular NSSA
concentrations. It has also been shown that the interaction of
Binl with NSSA inhibits its phosphorylation, although the exact
molecular mechanisms remain unknown.'> A possible role of
binding of Binl-SH3 to the noncanonical binding regions in
NSSA is therefore the inhibition of phosphorylation by
preventing kinases from accessing the phosphorylation sites.

In conclusion, we have characterized the interaction of viral
protein NSSA with SH3 domains of several kinases and tumor
suppressor Binl. Besides the well-know PxxP motif interacting
with the SH3 domain, we were able to identify two additional
binding regions in NSSA that bind at an SH3 surface location
similar to that of the PxxP motif, mainly through electrostatic
interactions. Surprisingly, the transiently formed a-helices that
are present in the binding regions of free NS5A are destabilized
in the NSSA—SH3 complex. These additional SH3 binding
modes may be important for the regulation of molecular
interaction and phosphorylation events that NSSA undergoes
during the viral life cycle.

B ASSOCIATED CONTENT

© Supporting Information

An overlay of 2D BEST-TROSY spectra of NSSA(191—340)
and NSSA(191—-369) (Figure S1) and measured chemical shift
changes for Bin1-SH3 in the presence of either the B1(200—
228) or the B2(295—320) peptide (Figure S2). This material is
available free of charge via the Internet at http://pubs.acs.org.
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