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SUMMARY
Class I SH3 domain-binding motifs generally comply with the consensus sequence [R/K]xØPxxP, the hydro-
phobic residue Ø being proline or leucine. We have studied the unusual Ø = Ala-specificity of SNX9 SH3 by
determining its complex structure with a peptide present in eastern equine encephalitis virus (EEEV) nsP3.
The structure revealed the length and composition of the n-Src loop as important factors determining spec-
ificity. We also compared the affinities of EEEV nsP3 peptide, its mutants, and cellular ligands to SNX9 SH3.
These data suggest that nsP3 has evolved to minimize reduction of conformational entropy upon binding,
hence acquiring stronger affinity, enabling takeover of SNX9. The RxAPxxP motif was also found in human
T cell leukemia virus-1 (HTLV-1) Gag polyprotein. We found that this motif was required for efficient
HTLV-1 infection, and that the specificity of SNX9 SH3 for the RxAPxxP core binding motif was importantly
involved in this process.
INTRODUCTION

Signaling networks that control cellular behavior depend on

regulated proximity of proteins via interactions that are guided

by modular protein units dedicated to this task. Several different

families of such protein interaction domains (PIDs) are encoded

by eukaryotic genomes, an archetype and the most copious

family (�300 members) of which in the human proteome is the

Src homology 3 (SH3) domain.

SH3 domains are small (�60 residues) protein modules that

recognize their protein targets via proline-rich binding motifs

that most typically contain consensus sequences [R/K]xØPxxP

(class I sites) or PxØPx[R/K] (class II sites), where x is any and

Ø is a hydrophobic residue (Feng et al., 1994; Lim et al., 1994).

However, several other types of minimal consensus target se-

quences have been identified for different SH3 domains, and

additional residues around or in some cases distant from these

sites in the target protein contribute to define the specificity

and affinity of SH3 binding (Saksela and Permi, 2012). The pro-

line-rich stretches recognized by SH3 domains are representa-

tives of peptide modules known as short linear motifs (SLiMs),

abundant in cell signaling, and typically localized within natively

disordered regions in target proteins.

Viruses and other pathogens have evolved to also encode pro-

teins containing SH3-binding SLiMs in order to manipulate host
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cell signaling for promoting their replication and to interfere with

host immune defenses. Although nanomolar binding affinities

are an exception among SH3-mediated complexes between

cellular proteins, and most of these interactions are relatively

weak and transient (Kazlauskas et al., 2016), SH3 binding by

pathogen proteins tend to be much stronger, as exemplified by

recruitment of the Hck tyrosine kinase by the HIV-1 pathoge-

nicity factor Nef (Saksela et al., 1995). Since this discovery in

1995, numerous examples of viral hijacking of SH3-mediated

host cell processes have been reported (e.g., Heikkinen et al.,

2008; Neuvonen et al., 2011; Schmotz et al., 2019).

For example, the Old World alphaviruses, including the

arthralgia/arthritis- and rash-causing Chikungunya (CHIKV),

Sindbis (SINV), and Semliki forest (SFV) viruses promote their

replication by targeting the SH3 domain of host cell amphiphy-

sins via a proline-rich motif in the non-structural protein 3

(nsP3) (Kim et al., 2016; Neuvonen et al., 2011; Tossavainen

et al., 2016). On the other hand, the nsP3 of the eastern equine

encephalitis virus (EEEV), the deadliest of the New World alpha-

viruses, associated with a fatality rate of 30%–70% in humans

and severe neurologic impairment in survivors, does not target

amphiphysin but instead can bind to the SH3 domain of the

host cell sorting nexins SNX9 and SNX33 (Frolov et al., 2017).

Sorting nexins are a large and diverse group of proteins

involved in cellular membrane trafficking and protein sorting,
shed by Elsevier Ltd.
commons.org/licenses/by/4.0/).
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and are grouped together because they all contain another ca-

nonical PID, namely a phospholipid-binding module known as

the PX domain (Worby and Dixon, 2002). Sorting nexins 9, 18,

and 33 form an SNX9 subfamily of sorting nexins that have

related but not identical roles in endocytosis and membrane re-

modeling, and share a similar overall architecture, including an

SH3 domain (Lundmark and Carlsson, 2009).

The SNX9-family SH3 domains are very similar in sequence,

and bind to target motifs that conform to a class I consensus

sequence RxØPxxP. However, these SH3 domains show an

interesting preference for target motifs where the Ø position is

occupied by an alanine (Howard et al., 1999; Kleino et al.,

2009; Teyra et al., 2017). By contrast, alanine is rarely found in

this position in the binding motifs for other SH3 domains, which

prefer leucine or proline, and also accept isoleucine or valine as

the Ø residue (Teyra et al., 2017). To better understand viral stra-

tegies for robust SH3 domain engagement, and to elucidate the

molecular basis of the curious specificity of SNX9 SH3 for

RxAPxxP-containing target motifs, we have solved the structure

of the SNX9 SH3 domain in complex with a peptide derived from

EEEV nsP3, introduced targeted mutations into this peptide, and

compared their effects together with cellular ligands on SNX9

SH3 binding affinity.

These studies led us to identify another viral ligand for the

SNX9 SH3 domain, namely the matrix (MA) subunit of the Gag

polyprotein of human T cell leukemia virus-1 (HTLV-1), a deltar-

etrovirus causing an aggressive form of cancer known as adult

T cell leukemia. We found that the SNX9 SH3 binding motif in

HTLV-1 MA was required for efficient HTLV-1 infection, and

that the specificity of SNX9 SH3 for the RxAPxxP core binding

motif was importantly involved in this process.

RESULTS

Structure of the SNX9 SH3-EEEV nsP3 peptide complex
We solved the NMR solution structure of the complex using a

sample that contained a 15N, 13C-labeled SH3 domain and unla-

beled peptide AERLIPRRPA�1P0P1VPVPARIPSPR of the hyper-

variable domain of EEEV nsP3, corresponding to residues

1,663–1,685 of the viral polyprotein. Ligand interface residues

are numbered as in Yu et al. (1994), with the first proline in

RxAPxxP designated as position 0. Chemical shift assignments

were obtained using standard triple-resonance experiments for

the SH3 domain and 15N, 13C-filtered experiments for the pep-

tide (Permi and Annila, 2004; Sattler et al., 1999). Similarly, intra-

domain, intrapeptide, and intermolecular NOE restraints for

structure calculation were derived from 15N- and 13C-edited

and -filtered NOE spectra. Additional TALOS-N dihedral angle

restraints based on assigned chemical shifts (Shen and Bax,

2013) were included for the SH3 domain. The final energy-mini-

mized ensemble of 20 structures is shown in Figure 1 and the

structural statistics in Table 1.

As is typical for SH3 domains, the structure of the SNX9 SH3

domain in the complex form is very similar to that in the free

form, with an average heavy atom root-mean-square deviation

(RMSD) of 1.1 Å for residues in the interaction interface (PDB:

2ENM; mouse SNX9 SH3, 89% sequence identity).

The complex structure revealed a dual-interaction interface,

composed of the common combined hydrophobic core-charged
specificity pocket interaction between an SH3 domain and a

class I consensus motif, and of an additional hydrophobic bind-

ing surface, which accommodates peptide residues N terminal

to the consensus motif (Figure 1). The core interaction involves

SH3 Y9, F11,W39, P53, and Y56, which form two shallow hydro-

phobic xP sites on the surface of the domain and accommodate

ligand A�1P0 and V2P3 moieties. E14, N17, E19 in the RT loop

form the specificity pocket, within which E19makes a salt bridge

with R�3. H-bonds between G37 O (n-Src loop)–A�1 H, W39 Hε1

(b3)–R�3 O, and Y56 Hh (310 helix)–P
1 O and hydrophobic con-

tacts between sidechains of Y9 and V4 further stabilize the

core interaction. The peptide adopts the typical extended poly-

proline II helix (PPII) conformation from R�3 c to P3 4. In the

extended N-terminal interaction, peptide L�7 and P�5 are key

residues. Both pack against hydrophobic surfaces formed by

SH3 N18, V35, E41, G50, L51 (L�7) and V35, G36, and W39

(P�5). Apart fromV35, all interface residues are strictly conserved

in vertebrate SNX9 SH3 amino acid sequences (Figure S1). V35

is conservatively replaced by an isoleucine in �15% of the

sequences.

A similar hydrophobic extension to the canonical binding site

has previously been described in the complex structure of the

SH3 domain of the proto-oncogene tyrosine-protein kinase Src

(c-Src) and VSL12 peptide, a class I peptide with a leucine at

the �1 position from a biased phage display library (Bacarizo

and Camara-Artigas, 2013; Feng et al., 1995). Although both

SH3 domains bind their respective target peptides strongly,

with a �0.5 mM affinity (Table 2; Feng et al., 1995), the question

remains: how are these ligands specifically recognized by

different SH3 domains? An overlay of the complex structures

shows interesting differences, namely how only a few SH3 sur-

face residues can confer specificity (Figure 2). In position �1,

the backbones adapt to fit an alanine in EEEV nsP3 or a leucine

in VSL12. In the latter, the bulky methyl groups are buried in a hy-

drophobic cleft bordered by the C-terminal residue of the n-Src

loop, D117, and N135 in the 310 helix. In SNX9 SH3, the surface

is shallower with fewer available hydrophobic contacts for

A�1 because a glycine (G38) occupies the position of D117.

However, owing to the small size of glycine and the fact that

the n-Src loop in SNX9 SH3 is one residue longer, the loop is

able to approach the peptide backbone within H-bonding dis-

tance, thus gaining a favorable contribution to binding from a

polar interaction instead. However, as discussed below, in addi-

tion to the direct local interaction between the binding partners,

factors not decipherable from a static complex structure also

contribute to specificity.

From position�1 toward the N termini, the peptide backbones

diverge, although remaining between the n-Src and RT loops.

With their arginine at position �3, both peptides canonically

interact with the specificity pocket negatively charged residue,

glutamate (E19) in SNX9 SH3 and aspartate (D99) in c-Src

SH3. However, the arginine-glutamate interaction takes place

above the conserved tryptophan, whereas the arginine-aspar-

tate interaction is coplanar to the tryptophan aromatic ring.

The former arrangement allows R�3, E14, N17, and E19 to

form an H-bond network while the latter optimally positions

R�3 and W118 sidechains for a cation-p interaction. In both

complexes, tryptophan ε1 is H-bonded to peptide backbone,

to R�3 in the SNX9 and to P�2 in the c-Src complex. In the
Structure 30, 828–839, June 2, 2022 829



Figure 1. Solution NMR structure of the SNX9 SH3-EEEV nsP3 peptide complex

(A) The ensemble of 20 SNX9 SH3 structures. For the peptide (cyan) all side chains and for the SH3 domain side chains of residues forming the interaction

interface are drawn and annotated with residue type and number. The disordered N- and C-terminal regions in both the peptide and the domain, and H atoms, are

omitted for clarity.

(B) Surface representation of the interaction. Structure figures were created with UCSF Chimera (Pettersen et al., 2004).

(C) Interaction interface as represented by PDBsum (Laskowski et al., 2018) for the first conformer of the ensemble of structures. See also Figure S1.
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c-Src complex, a buried water molecule bound to R�3 and D117

backbone atoms adequately fills the remaining space between

the RT and n-Src loops (Bacarizo and Camara-Artigas, 2013).

The presence of interfacial water molecules cannot be inferred

from the solution NMR SNX9 SH3-EEEV nsP3 complex struc-

ture, but an identical arrangement is not feasible as G38 (the

SNX9 equivalent of D117) and R�3 are too distant. The bulky

interaction between P�5 and V35 in the SNX9 SH3 complex

notably shifts the peptide backbone toward the RT loop as

opposed to the corresponding interaction between A�5 and

E115 side chain in the c-Src SH3 complex. The pseudocyclic

interaction between L�6 O and R�3 guanidino group of VSL12

draws the L�6 sidechain in the vicinity of Y131.With a less curved

backbone conformation, EEEV nsP3 creates a longer interaction

interface bringing L�7 next to L51, which corresponds to Y131.

Both leucines reside in hydrophobic clefts formed by N18, L51,

and corresponding E98, Y131.

A–1 remarkably amplifies EEEV nsP3 affinity to
SNX9 SH3
We further studied the significance of A�1 to the binding affinity

of the viral peptide by replacing it by a leucine, the common res-

idue at this position in typical SH3 ligands. We found that the
830 Structure 30, 828–839, June 2, 2022
leucine mutant has a drastically lower affinity to SNX9 SH3: in

an NMR ligand titration study, SNX9 SH3 cross peaksmoved lin-

early upon addition of EEEV A�1L, indicating a fast-dissociating

complex with micromolar to millimolar affinity (Figure 3). Curve

fitting to changes in peak position in function of concentration ra-

tios resulted in a Kd of 29 mM, which nicely agrees with the value

obtained with ITC (28 mM; Table 2). This is a more than 90 times

lower affinity than for the wild-type (WT) peptide, 0.3 mM.

Interestingly, in the complex between Saccharomyces cerevi-

siae Nbp2p SH3 domain and Ste20 peptide (PDB: 2LCS),

replacement of an alanine in Ste20 position �1 with a threonine

leads to a 29 times reduction in affinity (Gorelik and Davidson,

2012). The structure near Ste20 A�1 is remarkably similar to

that in the EEEV nsP3 complex (Figure S2). Most importantly,

both have a glycine as the C-terminal residue in the n-Src loop,

enabling proximity of peptide backbone and the loop.

To confirm the importance of A-to-L swapping in position �1

for the recognition of two different class I-type ligands between

SNX9 and c-Src SH3 domains, we also performed an NMR titra-

tion assay with c-Src SH3 and the A�1L mutant of EEEV nsP3,

expecting this peptide to bind strongly because of the L�1 pref-

erence of c-Src SH3. Indeed, this is what we observed (Figure 3).

The Kd is significantly lower than 10 mM, as shown from core



Table 1. NMR restraints and structural statistics for theensemble

of 20 SNX9 SH3-EEEV nsP3 peptide complex conformers of least

restraint violations

Completeness of resonance assignments (%)a

Backbone 97.0

Side chain, aliphatic/aromatic 97.1/100.0

Experimental restraints

Distance restraints

Total 2078

Short range (i-j % 1) 1028

Medium range (1 < i-j < 5) 246

Long range (i-j R 5, intramolecular) 632

Intermolecular 172

Dihedral angle restraints 95

No. of restraints per restrained residue 23.9

No. of long-range restraints per restrained

residue

9.2

Residual restraints violationsb

Average no. of distance violations per structure

0.1–0.2 Å 33.4

0.2–0.5 Å 0.7 (max. 0.3)

>0.5 Å 0

Average no. of dihedral angle violations per structure

1–5� 0

>5� 0

Model qualityb

RMSD backbone/heavy atoms (Å) 0.3/0.6

RMSD bond lengths (Å)/bond angles (�) 0.013/2.1

Molprobity Ramachandran statistics (%)b

Most favored regions 97.1

Allowed/disallowed regions 2.9/0.0

Global quality scores (raw/Z score)b

Verify3D 0.23/-3.69

ProsaII 0.41/-0.99

PROCHECK(4-c) �0.44/-1.42

PROCHECK (all) �0.46/-2.72

Molprobity clash score 1.03/1.35

Model contents

No. of ordered residuesb/total no. of residues 72/90

BMRB accession number 34628

PDB code 7OJ9
aBackbone includes Ca, Cb, N, and H, except the N-terminal amide. For

side chains, excluded are the exchanging groups (K, amino; R, guanidino;

S/T/Y hydroxyl; H d1/ε2), as well as all unprotonated Cs and Ns. Only 1H

resonanceswere assigned for the EEEV nsP3 peptide. Not included in the

tabulation: the unstructured N-terminal three-residue cloning artefact in

SNX9 SH3.
bOrdered residues: 1–14, 17–61 (SNX9 SH3), 1,667–1,678 (EEEV nsP3).

Computed using PSVS (Bhattacharya et al., 2007).
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binding peak transitions from free to bound form without peak

broadening. This further consolidates the difference is prefer-

ences in position�1 residue. Many peaks of c-Src SH3 residues

interacting with the N-terminal portion of the peptide are broad-
ened or have disappeared at 1:0.5 or 1:1 protein to peptide

concentration ratios, which likely indicates that binding of the

flanking sequence is not as tight. Lower affinity probably origi-

nates from the differences in amino acid composition between

the two SH3 domains concentrated in the portions of the n-Src

and RT loop that form the binding pocket for the flanking

sequence (Figure 3).

Next, we studied the SNX9 SH3-EEEV nsP3 A�1L complex by

performing atomistic molecular dynamics (MD) simulations of

this complex, and, for comparison, of the EEEV nsP3 WT com-

plex (Figure S3). The mutation does not significantly alter the

conformational flexibility within the complex, as deduced from

the very similar RMSF values over the trajectories. The per-

residue solvent-accessible surface areas (SASAs) show minute

differences, the largest of them, 15–24 Å2, located in the first

half of the RT loop (D10, A12, P15). What instead appear to be

clearly different between the two complexes are the stabilities

of certain H-bonds. In the WT complex, the interfacial W39

Hε1–R�3 O and G37 O–A�1 H-bond occupancies were �73%

and 31%, whereas in the A�1L complex these H-bonds were

not present. On the other hand, an interfacial H-bond not present

in the WT complex appeared between A12 backbone and R�3

sidechain in the mutant complex. Other mutation-related differ-

ences in H-bonding were observed within the SH3 RT loop.

Namely, in the mutant complex occupancies in the middle of

the loop (F11-V22) decrease, whereas they increase in residues

toward the tip of the loop (F11-A13, E14-N17, P15-N18). All other

H-bonds in the complexes, in total 36 with >30% occupancy,

remain alike.

The MD trajectories reveal four relatively stable interfacial

solvent molecules in both complexes (I�6-wat-N17 bb, R�4 bb-

wat-E19 sc, R�3 sc-wat-A12, P0-wat-D55 bb). Nine SH3-bound

solvent molecules are similarly present in both complexes. Two

of these in the mutant complex show significantly higher occu-

pancies (F11 H-wat-V22 O, E19-wat-T21), perhaps being able

to compensate for the loss of inter-strand H-bonds (F11–V22)

preset in the WT complex.

Distance measurements from the trajectories show that, as

the larger Leu�1 does not fit to the position carved for an

Ala�1, the longer Leu�1 side chain pushes the peptide backbone

farther from the SH3 surface. The Ala/Leu�1 methyl group is kept

at a position similar with respect to the W39 indole ring, but the

Trp sidechain in the mutant complex moves slightly outward;

that is, toward the n-Src loop. Concomitantly, R�3 sidechain

shifts toward the tip of the RT loop. These rearrangements are

likely to be coupled to the changes in H-bonds and backbone

4/c angles in the RT loop of the mutant complex. In all, MD

data suggest that the mutation causes structural differences in

the vicinity of the mutation site but also in the RT loop.

This conclusion is supported by the chemical shift differences

in the 1H, 15N HSQC spectra of WT and A�1L complexes (Fig-

ure 3). The two spectra appear noticeably different. The largest

differences, Dd = 0.15–0.45 ppm, are observed for A13, N17-

L20 in the RT loop, V35, G37 in the n-Src loop, W39 ε1, and

L40, V52, T54 around the tryptophan. The slightly different posi-

tion of the Trp aromatic ring could affect peak positions. Addi-

tionally, as HN chemical shifts are sensitive to H-bond lengths

(Wagner et al., 1983), differences in 1H, 15N peak positions could

arise from rearrangement of the H-bond network. That relatively
Structure 30, 828–839, June 2, 2022 831



Table 2. Binding affinities and thermodynamic parameters for SNX9 SH3 interaction with EEEV nsP3, mutated EEEV nsP3 peptides,

and cellular ligands

Peptide Peptide sequence Kd (mM) DH DG �TDS

EEEV nsP3 AERLIPRRPAP0PVPVPARIPSPR 0.3 ± 0.03 �41.3 ± 0.5 �37.4 ± 0.2 3.9 ± 0.8

A�1L AERLIPRRPLP0PVPVPARIPSPR 27.7 ± 7.45 �21.3 ± 0.4 �25.5 ± 0.0 �4.8 ± 0.3

R�8A AEALIPRRPAP0PVPVPARIPSPR 0.63 ± 0.12 �42.5 ± 0.4 �35.5 ± 0.5 7.0 ± 0.8

L�7S AERSIPRRPAP0PVPVPARIPSPR 1.0 ± 0.13 �44.6 ± 0.5 �34.2 ± 0.3 10.4 ± 0.7

L�7Q AERQIPRRPAP0PVPVPARIPSPR 0.9 ± 0.09 �47.7 ± 0.3 �34.6 ± 0.2 13.1 ± 0.1

P�5A AERLIARRPAP0PVPVPARIPSPR 1.0 ± 0.10 �42.7 ± 0.4 �34.2 ± 0.2 8.4 ± 0.6

P�2A AERLIPRRAAP0PVPVPARIPSPR 0.6 ± 0.04 �42.6 ± 0.6 �35.7 ± 0.2 6.9 ± 0.4

P1A AERLIPRRPAP0AVPVPARIPSPR 0.4 ± 0.01 �45.6 ± 1.0 �36.9 ± 0.1 8.7 ± 1.1

V4S, P5S AERLIPRRPAP0PVPSSARIPSPR 0.2 ± 0.00 �47.2 ± 1.0 �38.0 ± 0.0 9.2 ± 1.0

hADAM9 QGNLIPARPAP0APPLYSSLT 7.0 ± 0.40 �41.3 ± 0.3 �29.5 ± 0.2 11.8 ± 0.1

hDYN1 TSSPTPQRRAP0AVPPARPGS 8.5 ± 0.31 �56.4 ± 1.4 �29.0 ± 0.1 27.5 ± 1.3

P0 is indicated and the site of mutation highlighted by underlining. Residues at the binding interface are aligned in EEEV nsP3 peptide sequence. DH,

DG, and�TDS are expressed in kJ/mol. All values are represented asmean ± SD. The stoichiometry, N, was 1 in all interactions. See also Figure S7 for

the binding isotherms and fitted curves.
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large differences (Dd > 0.05 ppm) in peak positions are also

observed for M8, V22, N32, and N44, although they are distant

from the mutation site, suggests that binding-induced global ef-

fects (see below) are somewhat different in the two complexes.

Accordingly, differences in methyl group chemical shifts of resi-

dues both near and distant from the binding site are observed

between 1H, 13C HSQC spectra of WT and A�1L EEEV nsP3

complexes (Figure S4).

Ligand binding induces structural andmotional changes
beyond the protein-ligand interface
The binding interface between SNX9 SH3 and EEEV nsP3 pep-

tide is mainly hydrophobic, as is the case for many other SH3 do-

mains and their ligands. However, thermodynamic studies on

SH3 interactions have shown that target binding is invariably

driven by a favorable enthalpic contribution. This apparent

inconsistency is the demonstration of the underlying complexity

of the recognition of ligands by SH3 domains. Binding energetics

are influenced by redistribution of conformations of both the

domain and the ligand, by reorganization of the H-bond network,

by global changes in SH3 domain dynamics, and by interfacial

water molecules (e.g., Cordier et al., 2000; Ferreon and Hilser,

2003; Palencia et al., 2004; Wang et al., 2001). We studied the

global effects of EEEV nsP3 peptide binding to the SNX9 SH3

domain by comparing chemical shifts, H to deuterium (H/D) ex-

change rates, and 15N relaxation data of the free and bound

states of the domain.

The majority of chemical shift perturbations upon ligand bind-

ing are expectedly observed for residues in the binding surface

(Figure S4); however, several amide and methyl groups distant

from the site experience notable chemical shift perturbations.

Seven out of the eight amide peaks not in direct contact with

the peptide but experiencing significant Dds are among those

that becomemore protected from solvent exchange upon ligand

binding (Figure S5), suggesting that H-bonding might contribute

to the observed chemical shift perturbations. Shifting of amide

proton peaks from higher to lower field, as is the case for M8,

L20, V22, L40, and V57, has been attributed to shorter H-bonds

(Wagner et al., 1983). Methyl group shifts of A13, V22, and V52,
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which are within �5 Å from F13, on the other hand, might be

affected by repositioning of the aromatic ring. However, struc-

tural rearrangement deeper within the domain is likely to take

place, as the farthest perturbed methyl groups (I31) are located

>12 Å from the peptide.

In the free form, only seven backbone amide signals persisted

to the first acquired 1H, 15N HSQC spectrum, at approximately

15 min from dissolution of the protein sample into D2O (Fig-

ure S5). Five of them are strand residues of the SH3 b-barrel,

whereas two reside in the RT loop. All are H-bonded in the

ensemble of structures of free mouse SNX9 SH3 (PDB: 2ENM).

All vanished during the acquisition of the second spectrum so

that, at�25min, all protons had exchanged to deuterons. A sub-

stantially different extent of protection from exchange was

observed for the complex form. In the first acquired spectrum,

34 out of the 61 amide peaks of the domain were present, and,

after �22 h, a set of 20 amide signals still persisted. These are

located in the b-barrel strands, the RT loop, and the 310 helix,

and include all those that were momentarily protected in the

free form. Upon complex formation, protection from exchange

is increased at locations both near and remote from the binding

site, the most distant protected amides being at �15 Å distance

from the peptide. This indicates that increased protection in-

cludes factors other than simple blocking of solvent access by

the peptide. Protection depends on H-bond strength but also

on all other energy terms associated with the closed and open

forms of that bond, its surroundings, as well as the solvent

(Wang et al., 2001).

We measured 15N relaxation data from free and bound

SNX9 SH3 and interpreted the data using the model-free

approach (Lipari and Szabo, 1982) to extract residue-specific

generalized order parameters S2, internal correlation times te,

and exchange rates Rex, parameters reporting on the spatial

restriction of the amide bond vector motion, the rate of this

motion, and conformational exchange, respectively (Fig-

ure S6). The backbones (residues K4-L60) in both forms are

relatively rigid, with S2 < 0.8 only for residues in the n-Src

loops. Overall, ligand binding slightly reduces flexibility. The

largest ligand-induced increase in restriction of motion is



Figure 2. Comparison of SNX9 SH3-EEEV nsP3 and c-Src-VSL12 complex structures

(A) Overlay of structures, showing that, overall, the structures superimpose well, but n-Src and RT loop conformations are clearly distinct. SNX9 SH3-EEEV nsP3

is colored in light blue/cyan. The amino acid sequence alignment of the SH3 domains is shown below the structures. The RT, n-Src, and 310 regions are boxed.

Bold characters in the SNX9 SH3 sequence indicate residues that interact with the peptide, in black characters are indicated those that interact with the core

RxAPxxP motif, in red those that interact with the flanking sequence, and in cyan those that interact with both. Interaction is defined as residues being less

than 4 Å apart. The sequence alignment was created from structure superposition. The PDB ID of the c-Src-VSL12 complex structure is PDB: 4hvw.

(B) Structures highlight the Ala�1/Leu�1 interactions in both complexes. H-bonds are shown with orange lines.

(C) Structures show the interactions between the N termini of the EEEV nsP3/VSL12 peptides and the respective SH3 domains. See also Figure S3.
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observed for the last residue in the b1 strand (V7), residues in

the tip of the RT loop (E14-E19), and the n-Src loop (G37).

Changes in S2 upon binding can be converted into changes

in �TDSconf of individual amide bonds (Yang and Kay, 1996).

Their sum yields an overall unfavorable conformational en-

tropy contribution of 45 kJ/mol at 25�C, which indicates that

DSconf derived from SH3 backbone fast-timescale motions

makes a substantial contribution to overall binding entropy.

However, EEEV nsP3 rigidifies upon binding to SNX9 SH3, a

typical process for the proline-rich motifs targeting SH3 do-

mains that contributes negatively to DSconf (Aitio et al., 2012;

Tossavainen et al., 2016), which implies that the overall reduc-

tion of conformational entropy must be highly compensated

by other factors, DSsolvent in particular, contributing to en-

tropy, as total –TDS is 4 kJ/mol. Contribution of peptide bind-

ing to slow-timescale motions can be recognized by moni-

toring changing Rex values. E14 Rex decreases, perhaps

because its amide forms an H-bond with the side chain of

E19, which in turn is stabilized by a salt bridge with R�3.

With an occupancy of 64%, the MD studies suggest a rela-

tively stable H-bond for E14 H. G38 whose Rex also de-

creases, is not H-bonded, nor does it appear to become

more buried, but perhaps benefits from an overall conforma-

tional stabilization of the n-Src loop as the peptide binds in

its vicinity. Rex may also reflect changes in exchange between
solvent and solute molecules. This might be the case for N18,

D55, and V57, for which Rex increases. They have in common,

according to the MD studies, an interaction with a bridging

solvent molecule (N18‒wat‒I�7, 55% occ. and V57‒wat‒

T54, 38% occ., D55‒wat‒P11, occ. 30%). Of note is that

changes in the dynamics between the free and bound forms

are not limited to the binding interface residues. Amides of

residues as distant as I45 (14 Å from the peptide) were

affected by binding. Overall, changes in chemical shift and

amide protection as well as dynamics point to binding

inducing global changes, consistent with observations for

other SH3 domains.

Targeted mutations introduced in the EEEV nsP3
peptide and comparison with cellular ligands reveal
conformational entropy-loss-optimized binding of viral
peptides
We performed ITC experiments with nine peptides of different

amino acid composition to characterize the thermodynamics of

EEEV nsP3 binding to SNX9 SH3, and to compare its affinity

with those of known cellular ligands of SNX9 SH3, namely

ADAM9 and dynamin 1 (Howard et al., 1999; Shin et al., 2007).

Both cellular ligands encompass two proline-rich regions, and,

of those, peptides most similar to EEEV nsP3 were chosen;

that is, the second region of ADAM9 (residues 800–819) and
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Figure 3. NMR titration data demonstrating the impact of alanine-to-

leucine mutation to affinity

Shown are overlays of 1H, 15N HSQC spectra of SH3 domains acquired at

increasing peptide concentrations. Color code for the SH3 to peptide ratios is

shown in each spectrum.
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the first region of dynamin 1 (residues 776–795). ITC results are

presented in Table 2 and binding isotherms in Figure S7.

In agreement with other SH3-proline-rich ligand interactions,

binding of EEEV nsP3 peptide to SNX9 SH3 is characterized by

large favorable enthalpy and unfavorable entropy. As mentioned

above, this is inconsistent with a mainly hydrophobic interaction

interface, and other factors than a simple local interaction be-

tween protein and ligand contribute to the thermodynamics.

Indeed, as deduced from Dd, H/D, and dynamics data, ligand

binding to SNX9 SH3 transmits as structural and dynamical

rearrangements throughout the domain. Also, changes in so-

lute-solvent interactions as well as structural rearrangement of

the ligand upon binding can affect the overall energetics. In the

following, we ponder on the local effects of mutations on binding

thermodynamics.

Apart from A�1L, EEEV nsP3 peptide mutations have small ef-

fects on binding affinity, and the dissociation constants are

within 0.7 mM from that of the WT peptide. However, the thermo-

dynamic parameters of the mutants show a general tendency for

more favorable enthalpies, counterbalanced by more unfavor-

able entropies compared with the EEEV nsP3 peptide.

For L�7S/Q and P�5A mutations, the increased entropic pen-

alty might partly arise from polar residues or alanine not fitting

as well in the hydrophobic sites as a leucine or proline, leading

to unsatisfactory water dehydration. Additionally, a polar resi-

due in the place of a leucine might affect the stability of the

interfacial water molecule between I�6 and N17 backbones

(MD study, Figure S3) and thus affect both entropy and

enthalpy.

The solvent-exposed proline to alanine (P�2A, P1A) mutations,

as well as the double mutation V4S-P5S also show an increase in

DH and �TDS of similar magnitudes. Reorganization of the

network of water molecules (Breiten et al., 2013; Darby et al.,

2019) and loss of conformational restrictions and polyproline II

helical propensity provided by proline in the free form of the pep-

tide (Brown and Zondlo, 2012) can contribute to the compen-

sating changes in the enthalpy and entropy of binding,

respectively.

These opposing effects are also active in the case of the

cellular ligands ADAM9 and dynamin 1 binding to SNX9 SH3.

These peptides have clearly lower affinities to SNX9 SH3 than

the viral peptide or its mutants, apart from EEEV nsP3 A�1L.

Binding of ADAM9 results in a clear increase in �TDS, while

DH remains unchanged. ADAM9 entropic term entails unfavor-

able contributions from P1 to A substitution, as was the case

for EEEV nsP3 P1A, and, conversely, favorable contribution

from a proline instead of a valine in position 2. In terms of PPII

propensity, V4L-P5Y substitutions are mutually compensating

as proline and leucine are high-PPII-propensity residues,
(A) SNX9 SH3 titrated with EEEV nsP3 peptide. Arrows show cross-peak

movement between free and bound forms for residues in contact with the

peptide.

(B) SNX9 SH3 titrated with EEEV nsP3 A�1L peptide.

(C) c-Src SH3 titrated with EEEV nsP3 A�1L peptide. Arrows show presumed

movement between free and bound form cross peaks. c-Src N, H assignments

from Biological Magnetic Resonance DataBank (BMRB) entry 4888, but the

sequence numbering corresponds to that in the 4hvw structure. See also Fig-

ure S2.
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whereas valine and tyrosine are among residues that disfavor

PPII the most (Brown and Zondlo, 2012). Replacement of a sol-

vent-exposed arginine with an alanine in position�4 in ADAM9 is

likely to unfavorably affect conformational entropy (Trbovic

et al., 2009).

Dynamin 1 binding results in a large increase in �TDS. As for

ADAM9, in terms of conformational restriction and PPII propen-

sity of the free form, the P�2 to R, P1 and P5 to A substitutions are

likely to significantly contribute to the entropic penalty, compen-

sated by the V4 to P substitution. The unfavorable entropy is

largely counterbalanced by favorable enthalpy, but, as the pep-

tide sequences are rather different, especially in the N-terminal

binding motif, the origins of DDH compared with EEEV nsP3

remain unsolved by the current data. Of note is that, similar to

EEEV nsP3, both cellular ligands use their N-terminal flanking

residues in binding (Figure S4); that is, the weaker affinity does

not originate from a smaller interaction area.

SNX9 SH3 binding site in HTLV-1 Gag
Inspired by the data on the SNX9 SH3–EEEV nsP3 complex, we

searched sequence databases for potential new viral ligands of

SNX9. We noted that the matrix subunit of the Gag protein of hu-

man T cell leukemia virus-1 (HTLV-1) contains a peptide that

conforms to the RxAPxxP consensus (Figure 4A), and interest-

ingly shows a nine-residue stretch (PSRPAPPPP) of perfect

sequence identity with human ADAM15 and Escherichia coli

EspF proteins, both of which have been previously identified

as SNX9 SH3 binding partners (Alto et al., 2007; Kleino

et al., 2009).

We therefore investigated whether HTLV-1 Gag binds to SNX9

in human cells that co-express these proteins, and whether the

HTLV-1 RxAPxxP motif would play a role in this. In addition to

SNX9, we also tested the two other members of the homologous

SH3 domain-containing SNX protein subfamily, namely SNX18

and SNX33. Expression vectors for these SNX proteins were

co-transfected into HEK293 cells together with WT HTLV-1 Gag

or variants of it dubbed Gag-AxxA and Gag-A>L, carrying muta-

tions in the predicted SH3 binding motif. Gag-AxxA mutant con-

tains an alanine substitution of both of the key proline residues

defining a class I motif (RxxPxxP) plus a charge-reversing substi-

tution of the third critical residue in the �3 position of this motif

(i.e., RPAPPPP to EPAAPPA), which together can be expected

to completely abrogate all SH3 binding capacity. By contrast,

Gag-A>L contains only a subtle alanine-to-leucine change of

the hydrophobic x residue of the first xP dipeptide of the

RxxPxxP motif. Based on our data on the EEEV nsP3/SNX9

SH3 interaction presented above, this mutation would be ex-

pected to strongly and specifically reduce affinity for SNX9 SH3

without affecting binding of typical class I-targeting SH3 domains.

As shown by the co-precipitation data shown in Figure 4B,

SNX9, -18, and -33 could all interact with HTLV-1 Gag in

HEK293 cells, and, in each case, the capacity for SNX-binding

of Gag-AxxA as well as Gag-A>L was insufficient for mediating

Gag-SNX co-precipitation, and only traces of mutant Gag pro-

teins could be detected in SNX pull-downs (reproducibly only

with SNX18).

The capacity of HTLV-1 Gag to interact with SNX protein in hu-

man cells led us to examine the relevance of this SH3-mediated

interaction for HTLV-1 replication and spread in tissue culture. To
this end, we utilized a firefly luciferase-encoding HTLV-1 pseu-

dovirus single-round replication system developed by Mazurov

and colleagues (Mazurov et al., 2010; Shunaeva et al., 2015).

This elegant system has been designed to express luciferase

only after the HTLV-1 genomic RNA has been reverse tran-

scribed and integrated in the infected cells. We co-transfected

HEK293 cells with this engineered genomic HTLV-1 plasmid

together with a vector expressing WT HTLV-1 Gag, Gag-AxxA,

or Gag-A>L and followed the subsequent infectious spread of

HTLV-1 in these cultures based on firefly luciferase activity. In or-

der to monitor uniform transfection efficiency in these experi-

ments, a vector for Renilla luciferase was also included in the

transfection reactions, which, in direct contrast to HTLV-1-

encoded firefly luciferase, is specifically expressed only in the

transfected but not in the infected cells. Only experiments in

which the Renilla luciferase values differed less than 25% from

the average between the transfections with the three Gag vari-

ants were considered for further analysis.

Figure 5 shows results from three independent experiments

comparing the infectious potential of HTLV-1 assembled from

Gag-WT,Gag-AxxA,orGag-A>L.Completedisruptionof theclass

I SH3 binding site in Gag (AxxA mutation) resulted in a profound

decrease in HTLV-1 infectivity to an average of 17% of that of

theWT virus. The SNX selective A-to-Lmutation in the�1 position

of theHTLV-1Gag class I SH3 bindingmotif also strongly reduced

HTLV-1 infectivity (down to 31% of WT), in agreement with the

large but not complete loss in the SNX9SH3 binding affinity docu-

mented for thisaminoacidchangeby ITCmeasurements (Table2).

Based on these data, we conclude that the interaction of

HTLV-1 Gag with host cell SNX9 (and possibly SNX18/33) is

important for the assembly of infectious HTLV-1 and its spread

from one cell to another, and that the unique specificity of SNX

SH3 domains for class I ligands with an alanine in �1 position

guides this interaction, which HTLV-1 uses to hijack the host

cell protein sorting machinery to facilitate its replication.

DISCUSSION

The sophisticated cellular machinery in eukaryotes is based on

tight spatial and temporal regulation of keymolecular interactions.

Moreover, signal transduction ismediated by relatively low affinity

but highly specific protein-protein interactions via SLiM recogni-

tion elements. Dissection of binding affinity from binding speci-

ficity is governed by a relatively high penalty in DSconf of SLiM

interactions; i.e., the recognition amino acid sequence, which

bears a significant degree of disorder as a free ligand, undergoes

folding upon binding. This contributes negatively toDSconf, result-

ing in highly specific but relatively low-affinity interactions.

If a pathogen is to competitively bind a cellular motif, it does so

with a motif that is fine-tuned for higher affinity. Displacement by

an improved motif has been described as the mechanism of ac-

tion for many SH3 domain-targeting viruses. For instance, ex-

tending the core PxxP binding motif with residues in the folded

parts of HIV-1 Nef increases its affinity to Hck SH3 300-fold

(Lee et al., 1995, 1996). SFV, SINV, and CHIKV avidly interact

with amphiphysin 1 and 2 SH3 domains (Neuvonen et al.,

2011). CHIKV’s exceptional nanomolar binding affinity arises

from the virus exploiting successive basic residues in its motif,

which interact with the large negatively charged patch on the
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Figure 4. HTLV-1 genomic organization and

interaction of SNX proteins with viral Gag

protein

(A) Genomic organization and protein coding ca-

pacity of HTLV-1. The location and sequence of the

SNX SH3 domain target site is indicated.

(B) Western blot analysis of wild-type (WT) and

mutant (A>L and AxxA) HTLV-1 Gag protein co-pre-

cipitation with SNX9, SNX33, or SNX18 from

HEK293 cells (SNX pull-down). Uniform expression

of these proteins in the co-transfected cells is

shown in the two bottom panels (total cell lysate).
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surface of the SH3 domain (Tossavainen et al., 2016). Electro-

statics is also the key determinant in the high-affinity interaction

of HCV NS5A with the same target SH3 domain, and a 17 times

higher affinity compared with the cellular ligand (Aladag et al.,

2014). In the herpesviral Tip-Lyn SH3 interaction, the core flank-

ing residues provide stabilizing hydrophobic contacts instead,

and a 15-fold stronger interaction (Bauer et al., 2005). EspFU, a

bacterial effector from enterohemorrhagic E. coli, triggers path-

ogen-driven actin polymerization by replacing an alanine, found

in cellular ligands of IRTKS SH3 between tandem PxxP motifs,

with a tryptophan to yield a 60-fold increase in affinity (Aitio

et al., 2010, 2012). The alanine-tryptophan swapping is entropi-

cally unfavorable due to cis to trans isomerization of the proline

succeeding the tryptophan upon binding. This is, however, posi-

tively compensated by a larger gain in DH resulting in higher af-

finity for EspFU (Aitio et al., 2012). Here, on the contrary, we have

shown that in vitro EEEV nsP3 proline-rich peptide binds SNX9

SH3 with an affinity 28 times higher than its binding to dynamin

1, but the data suggest that the overall strategy is to reduce

the entropic penalty associated with the reduction of DSconf

upon SNX9 SH3 binding. This reduction is at least partially

achieved by increasing the number of prolines in the core binding

motif; i.e., bymimicking the binding (PPII helix) conformation and

hence minimizing conformational readjustment upon binding.

Therefore, the overall DS contributes favorably to the Gibbs’

free energy of binding, resulting in a stronger affinity compared

with those of the cellular ligands. This interaction confirms

the role of the SH3 domain in the previously observed strong
836 Structure 30, 828–839, June 2, 2022
interaction between EEEV and SNX9

(Frolov et al., 2017). By superseding

cellular dynamin, EEEV could then exploit

SNX9 BAR-domain-mediated membrane

remodeling in a manner reminiscent of

that of other alphaviruses using amphiphy-

sin BAR domain in replication (Neuvonen

et al., 2011).

SNX9 SH3 has a unique specificity for

alanine in ligand position �1. Alanine is

non-interchangeable with leucine, the

typical residue at this position in canoni-

cal SH3 ligands, as demonstrated by

the 92 times weaker complex formed

with EEEV nsP3 A�1L mutant peptide. It

appears that alanine in peptide position

�1 and glycine as the last residue in the
n-Src loop allow for close interaction of peptide and the

n-Src loop, resulting in an H-bond between backbone atoms.

Concurrently, SH3 tryptophan side chain is able to form a

second H-bond between protein and ligand, and R�3 side

chain is optimally positioned to participate in a network of

H-bonds with E14, N17, and E19 in the RT loop. Formation

of H-bonds translates into favorable binding enthalpy and af-

finity. However, this is an oversimplified view of the basis of

alanine preference. The measured binding affinity is the result

of an intricate combination of local favorable and unfavorable

enthalpic and entropic effects, encompassing contributions

not only from both solutes but also the solvent. Moreover,

as shown by the comparison of chemical shifts, exchange

protection, and dynamics data between the free and bound

forms of SNX9 SH3, EEEV nsP3 binding-induced structural

and dynamical changes are transmitted across the domain,

which is also reflected in binding thermodynamics.

In the SNX9, -18, and -33 subgroup of SNX proteins SNX9

SH3 domain amino acid sequence is �37% identical with

SNX18 and SNX33 SH3 domain sequences, whereas SNX18

and SNX33 sequences are �59% identical. According to

amino acid sequence alignment (Figure S1), the interaction

interface residues Y9, F11, E19, G38, W39, G50, L51, P53,

and Y56 are strictly conserved in the three SNXs. On the other

hand, the amino acid composition and spacing of the n-Src

loop and the tip of the RT loop clearly differ, suggesting differ-

ences in loop conformations and in intricacies of protein-

ligand interactions.



Figure 5. Infectivity of firefly luciferase-encoding HTLV-1 pseudoviruses

(A) Infectivity of firefly luciferase-expressing HTLV-1 pseudoviruses containing WT or SH3 binding site-mutated (AxxA or A>L) Gag proteins. Shown are firefly

luciferase activity values in the infected HEK293 cells from three independent experiments. Each bar represents an average value of transfection/infection

experiments performed in duplicate cultures in six-well plates.

(B)Western blot analysis of uniform expression of HTLV-1 Gag pr53 and its proteolytically processed forms in the transfected cells of a representative experiment,

experiment 1 in (A). Untransfected cells are shown as control for anti-p24. Uniform transfection efficiency was further controlled using a co-transfected Renilla

luciferase-encoding vector, as explained in the text.
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Nevertheless, as indicated by binding of WT HTLV-1 Gag

but not the Gag-A>L mutant to SNX9, -18, and -33, the SH3

domains of all these three related SNX proteins bind their li-

gands in an A�1-specific manner. Strong A�1 preference

was also evident for SNX9 and SNX33 SH3 domains in the

study by Teyra et al. (2017), which investigated peptides

selected by individual human SH3 domains from a large

phage-displayed library of random peptides, whereas the

target peptides favored by SNX18 SH3 in this experimental

setup showed a more mixed pattern. Perhaps related to

this, in a proteomics study to identify host cell co-factors

of EEEV, Frolov et al. (2017) could identify SNX9 and SNX33

but not SNX18 as nsP3-associated proteins by mass

spectroscopy.

While the detailed function of A�1-dependent SNX recruit-

ment in the replicative cycle of EEEV and HTLV-1 remain to

be established, our studies clearly showed that this interaction

is important for efficient spread of HTLV-1 infection. Consid-

ering that two viruses as divergent as EEEV and HTLV-1 have

evolved to exploit SNX binding in their host cell subversion, it

seems likely that other viruses may utilize this strategy as

well. Further studies on SH3-mediated hijacking of SNX func-

tions could therefore reveal important new insights into viral

cell biology as well as novel targets for antiviral drug

development.
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Antibodies

Anti-HTLV-1 p24 Abcam Cat#ab9081; RRID: AB_306989

IRDye 680RD LI-COR Biosciences Cat#925-68070; RRID: AB_2651128

IRDye 800CW Streptavidin LI-COR Biosciences Cat#926-32230

GAPDH (14C10) Rabbit mAb Cell Signaling Technology Cat#2118; RRID: AB_561053

IRDye 800CW LI-COR Biosciences Cat#926-32211; RRID: AB_621843

Bacterial and virus strains

E. coli: BL21(DE3) competent cells Invitrogen Cat#EC0114

Chemicals, peptides, and recombinant proteins

Recombinant protein: SNX9 SH3 (Karjalainen et al., 2020) N/A

Recombinant protein: c-Src SH3 This paper N/A

Peptide: EEEV nsP3

AERLIPRRPAP0PVPVPARIPSPR

GenScript N/A

Peptide: A�1L EEEV nsP3;

AERLIPRRPLP0PVPVPARIPSPR

GenScript N/A

Peptide: R�8A EEEV nsP3;

AEALIPRRPAP0PVPVPARIPSPR

GenScript N/A

Peptide: L�7S EEEV nsP3;

AERSIPRRPAP0PVPVPARIPSPR

CASLO ApS N/A

Peptide: L�7Q EEEV nsP3;

AERQIPRRPAP0PVPVPARIPSPR

CASLO ApS N/A

Peptide: P�5A EEEV nsP3;

AERLIARRPAP0PVPVPARIPSPR

CASLO ApS N/A

Peptide: P�2A EEEV nsP3;

AERLIPRRAAP0PVPVPARIPSPR

CASLO ApS N/A

Peptide: P1A EEEV nsP3;

AERLIPRRPAP0AVPVPARIPSPR

GenScript N/A

Peptide: V4S, P5S EEEV nsP3;

AERLIPRRPAP0PVPSSARIPSPR

GenScript N/A

Peptide: hADAM9;

QGNLIPARPAP0APPLYSSLT

CASLO ApS N/A

Peptide: hDYN1;

TSSPTPQRRAP0AVPPARPGS

CASLO ApS N/A

Protease inhibitor Thermo Fisher Scientific Cat#A32963

M�280 Streptavidin Dynabeads Invitrogen Cat#11205D

Lysis reagent Promega Cat#E153A

Critical commercial assays

Firefly Luciferase Assay Kit Promega Cat#E1501

Oligonucleotides

Primers for generating RPAPPPP to EPAAPPA Gag mutation

to the plasmid peYFP-HTLV-1

Sense: P50-CAGCCCCCCCCGCCAGCTCGCCAACCCA-30

Antisense: P50-CAGGCTCAGAGGGAATCTGCGCC-30

Integrated DNA Technologies

BVBA, Leuven, Belgium

N/A

Primers for generating A to L (RPAPPPP > RPLPPPP) Gag

mutation to the plasmid peYFP-HTLV-1

Sense: P50-CTGCCCCCCCCCCCCAGCTCGCCA-30

Antisense: P50-AGGGCGAGAGGGAATCTGCGCCTGGGT-30

Integrated DNA Technologies

BVBA, Leuven, Belgium

N/A
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Primers for amplifying SNX9 from the plasmid pEGFP-SNX9

to subclone it into the vector pEBB-PP

Sense: 50-ACAGGATATCATGGCCACCAAGGCTCGGGTT

ATGTAT-30

Antisense: 50-ACAGGCGGCCGCCTACATCACTGGAAAGC

GGCTGAGG-30

Integrated DNA Technologies

BVBA, Leuven, Belgium

N/A

Primers for amplifying SNX18 from the plasmid myc-SNX18

to subclone it into the vector pEBB-PP

Sense: 50-ACAGGATATCATGGCGCTGCGCGCCCGG-30

Antisense: 50-ACAGGCGGCCGCTTAAACACTATCATAT

TTGTGAAGAGCTTCTTCCAA-30

Integrated DNA Technologies

BVBA, Leuven, Belgium

N/A

Primers for amplifying SNX30 from the plasmid pEBB-

mCherry-bd-SNX33 to subclone it into the vector pEBB-PP

Sense: 50-ACAGGATATCATGGCACTGAAAGGCCGAGCCCT-30

Antisense: 50-ACAGGCGGCCGCTCAGAGGTTGTCATACAT

GCGCAGGG-30

Integrated DNA Technologies

BVBA, Leuven, Belgium

N/A

Deposited data

Free SNX9 SH3 N/A PDB: 2ENM

c-Src SH3 T98E in complex with VSL12 peptide (Bacarizo and Camara-

Artigas, 2013)

PDB: 4HVW

Yeast Nbp2p SH3 in complex with Ste20 peptide (Gorelik and Davidson, 2012) PDB: 2LCS

SNX9 SH3 + EEEV nsP3 peptide complex structure This paper PDB: 7OJ9

NMR chemical shifts of the complex This paper BMRB: 34628

Experimental models: Cell lines

HEK293T cells ATCC CRL-16268

Recombinant DNA

plasmid: pET15b Novagen Cat#69661; Sigma-Aldrich

plasmid: pET15b-SNX9 SH3 (Karjalainen et al., 2020) N/A

plasmid: pET15b-c-Src SH3 This paper N/A

plasmid: pEBB-PP-SNX9 This paper https://www.addgene.org/22226/

plasmid: peYFP-HTLV-1 A gift from Louis Mansky

at the University of

Minnesota

N/A

plasmid: pEGFP-SNX9 N/A

plasmid: myc-SNX18 A gift from Sven Carlsson

at the Umeå University

N/A

plasmid: pEBB-mCherry-bd-SNX33 (Kleino et al., 2009) N/A

plasmid: pEBB-PP-SNX18 This paper https://www.addgene.org/22226/

plasmid: pEBB-PP-SNX33 This paper https://www.addgene.org/22226/

genomic plasmid: pCRU5-inLuc-mR HTLV-1 A gift from Dimitry Mazurov

at the Institute of Gene

Biology Russian Academy

of Sciences; (Mazurov et al.,

2010; Shunaeva et al., 2015)

N/A

packaging plasmid: pCMV-HT1-M A gift from Dimitry Mazurov

at the Institute of Gene

Biology Russian Academy

of Sciences; (Mazurov et al.,

2010; Shunaeva et al., 2015)

N/A

Software and algorithms

Bruker TopSpin 3.5 Bruker Corporation https://bruker-labscape.store/

products/topspin-for-processing

CcpNmr Analysis 2.4.2 (Vranken et al., 2005) https://ccpn.ac.uk/software/

version-2/

(Continued on next page)
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TALOS-N (Shen and Bax, 2013) https://spin.niddk.nih.gov/bax/

software/TALOS-N/

CYANA 3.98.13 (G€untert and Buchner,

2015)

N/A

AMBER 18 (Case et al., 2018) https://ambermd.org/GetAmber.php

xcrvfit 5.0.3 Boyko and Sykes,

University of Alberta

http://www.bionmr.ualberta.ca/

bds/software/xcrvfit/latest/index.

html#s_download

Ring NMR Dynamics 1.0.4 (on NMRbox) (Beckwith et al., 2021) https://nmrbox.org/

Tensor 2.0 (Dosset et al., 2000) https://www.ibs.fr/research/scientific-

output/software/tensor/

ANSURR v1.2.1 (Fowler et al., 2020) https://github.com/nickjf/ANSURR

UCSF Chimera 1.15 (Pettersen et al., 2004) https://www.cgl.ucsf.edu/chimera/

download.html

CPPTRAJ 4.25.6 (on AmberTools 20.09) (Roe and Cheatham, 2013) https://github.com/Amber-MD/cpptraj

VMD 1.9.3 (Humphrey et al., 1996) https://www.ks.uiuc.edu/

Development/Download/download.

cgi?PackageName=VMD

MicroCal PEAQ-ITC Analysis Software v1.21 Malvern Panalytical Ltd https://www.malvernpanalytical.

com/en/support/product-support/

microcal-range/microcal-itc-range/

microcal-peaq-itc

MicroCal PEAQ-ITC Control Software v1.21 Malvern Panalytical Ltd https://www.malvernpanalytical.

com/en/support/product-support/

microcal-range/microcal-itc-range/

microcal-peaq-itc

Image Studio v3.1 LI-COR Biosciences https://www.licor.com/bio/image-

studio/resources

NCBI BLAST (Altschul et al., 1990) https://blast.ncbi.nlm.nih.gov/

Blast.cgi

EMBL-EBI Clustal Omega (Madeira et al., 2019) https://www.ebi.ac.uk/Tools/

msa/clustalo/

ConSurf (Ashkenazy et al., 2016;

Landau et al., 2005)

https://consurf.tau.ac.il/

DIALIGN (Morgenstern, 2004) https://bibiserv.cebitec.uni-

bielefeld.de/dialign/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Perttu

Permi (perttu.permi@jyu.fi).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Atomic coordinates for the SNX9 SH3–EEEV nsP3 complex have been deposited in the RCSB Protein Data Bank (PDB) under acces-

sion number PDB: 7OJ9. NMR assignments have been deposited to the Biological Magnetic Resonance Data Bank (BMRB) under

accession number BMRB: 34628.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
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Bacterial cell culture
The E. coli strain BL21(DE3) was transformed with plasmid pET15b-SNX9 SH3 or pET15b-c-Src SH3 (generated previously (Karja-

lainen et al., 2020)) and inoculated intoM9minimal mediumwith 100 mg/mL ampicillin. In 1 L culture, 1 g of 15N labelled NH4Cl and 2 g

of uniformly 13C labelled D-glucose were used as a sole nitrogen and carbon sources, respectively. The bacteria were grown at 37�C
until OD600 reached 0.4 and then temperature was decreased to 16�C. The protein expression was induced by the addition of IPTG to

a final concentration of 1 mM at the OD600 of 0.6. Cells were harvested 16 h after induction.

METHOD DETAILS

Protein expression and purification
The gene encoding N-terminally His-tagged human SNX9 SH3 (residues 1–64, GenScript Inc, USA) was cloned to pET15b vector

(Novagen) into the NdeI and XhoI sites. 15N, 13C labeled or unlabeled SNX9 SH3 was produced by transforming the plasmid into

BL21(DE3) cells. Cells were grown in M9 minimal medium supplemented with 1 g/L of 15NH4Cl and 2 g/L 13C-D-glucose as the

sole nitrogen and carbon source, respectively, or in LB medium to obtain unlabeled protein. Cell culture was incubated at 37�C until

OD of the cell culture reached 0.4. Temperature was then decreased to 16�C and as OD reached 0.6 protein production was induced

with 1 mM IPTG. Cells were further incubated at 16�C for 16 h and collected by centrifugation. Cells were disrupted with sonication

and the resulting supernatant was clarified by centrifugation with 300003g. The clarified supernatant was applied to 1-mL His

GraviTrap column (GE Healthcare) according to the manufacturer’s instructions. Imidazole was removed from eluted protein by

PD-10 (Ge Healthcare) before protease cleavage. The His-tag was removed by thrombin protease. Digestion mixture was applied

to His GraviTrap column. Cleaved SNX9 SH3 eluted with flow-through was concentrated and applied into Superdex30 (16/60) gel

filtration column. Column was equilibrated with NMR buffer (20 mM sodium phosphate pH 6.5, 50 mM NaCl). Fractions, containing

purified proteins, were pooled and concentrated by Vivaspin2 (SartoriusStedim). All gel filtrations were performed by using the ÄKTA

Purifier FLPC purification system (GE Healthcare). Production and purification of recombinant c-Src SH3 (residues 1–61, GenScript

Inc) was performed using a method similar to that used for SNX9 SH3. Synthetic peptides were purchased from GenScript (Piscat-

away NJ) or CASLO ApS (Kongens Lyngby, Denmark).

NMR spectroscopy
The complex sample composed of 1 mM 15N, 13C labeled SNX9 SH3 and 1 mM unlabeled EEEV nsP3 peptide. The buffer in both

samples contained 20 mM NaHPO4 at pH 6.5 and 50 mM NaCl. All spectra were recorded at 25�C on a Bruker AVANCE III HD

800 MHz spectrometer, equipped with a TCI 1H/13C/15N cryoprobe.

For chemical shift assignment and structure determination of the SNX9 SH3–EEEV peptide complex, NOESY-13C-HSQC for

aliphatic and aromatic 13C regions, NOESY-15N-HSQC, X-filtered, 13C-edited NOESY (SNX9 SH3 / peptide NOESY, mixing time

120 ms), F1, F2
15N, 13C filtered TOCSY (intrapeptide TOCSY, mixing time 80 ms) and X-filtered NOESY (intrapeptide NOESY, mixing

time 120ms), were acquired. SNX9 SH3 chemical shifts were inferred from those in the SNX9 SH3–EspF complex (Tossavainen et al.,

to be published).

NMR data were processed with TopSpin 3.5 (Bruker Inc.) and analysed with CcpNmr Analysis (Vranken et al., 2005) version

2.4.2. Peaks were manually picked from the NOESY spectra. TALOS-N (Shen and Bax, 2013) dihedral restraints for SNX9 SH3

were derived from chemical shifts. CYANA (G€untert and Buchner, 2015) version 3.98.13 iterative automatic NOE peak

assignment–structure calculation routine was used to generate 300 complex structures, 30 of which were further refined in

explicit water using AMBER 18 (Case et al., 2018). Twenty structures with lowest restraint violations were chosen to represent

the complex structures.

NMR titration studies were performed by adding increasing concentrations of peptide into a 0.1 mM SH3 domain sample, and

acquiring a 1H, 15N HSQC spectrum at each titration point. The protein to peptide concentration ratios were 1:0, 1:0.5, 1:1, 1:2,

1:4 (SNX9 SH3 + EEEV nsP3), 1:0, 1:0.5, 1:1, 1:3, 1:6, 1:12 (SNX9 SH3+EEEV nsP3 A�1L) and 1:0, 1:0.5, 1:1, 1:2, 1:4 (c-Src

SH3+EEEV nsP3 A�1L). Changes in peak positions between titration points were calculated asDd = (DH2+(0.154*DN)2)½. Curve fitting

was performed with xcrvfit (Boyko and Sykes, University of Alberta).
15N T1, T2 and heteronuclear NOE spectra were acquired for free SNX9 SH3 and the SH3 – EEEV nsP3 peptide complex. For T1

relaxation delays of 20, 100, 200, 400 (x2), 600, 900 (x2), 1200, 1500, 1900, and 2400 ms were used. For T2 the delays were multiples

of loop length 16.96 ms, with the loop counter set to 1, 2, 3 (x2), 5, 6, 8 (x2), 9, 11, 13, and 16. Two time points were acquired in dupli-

cate to allow estimation of error. The recycle delaywas set to 2.5 s in the T1 and T2 experiments, and to 10 s in the hetNOE experiment.

All spectra were acquired as pseudo 3D spectra and Fourier transformedwith TopSpin. T1, T2 peak intensities were fitted to decaying

exponential function as implemented in Ring NMR Dynamics (Beckwith et al., 2021), using NMRbox (Maciejewski et al., 2017). Het-

eronuclear NOE values were calculated as the intensity ratios of peaks from a pair of spectra measured with and without 1H presa-

turation during the recycle delay as implemented in CcpNmr Analysis. The internal model-free parameters S2, te and Rex were derived

from the 15N relaxation data using TENSOR2 (Dosset et al., 2000).

H/D exchange experiments were performed by first preparing the free SNX9 SH3 or its EEEV nsP3 peptide complex sample in H2O-

containing buffer and recording a reference 1H, 15N HSQC spectrum. Then the samples were lyophilized, and re-dissolved into D2O.
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1H, 15NHSQCspectra were then acquired at regular intervals up to�1 h for the free, by the time all signals had disappeared, and up to

�22 h for the complex form. An aliphatic 1H, 13CHSQC acquired at the end of the study showed that both protein samples were intact

after lyophilization.

MD simulations
Atomistic molecular dynamics simulations were performed as follows: MD simulations in explicit solvent were performed with

AMBER 18 using the ff14SB force field. Ensemble structure 9, the best structure according to ANSURR (Fowler et al., 2020) was

selected as the target of simulation of the wt complex, the A�1L complex was created by swapping A�1 with a leucine in UCSF

Chimera. The complexes were placed in a cubic box with a minimum solute-box distance of 10 Å, and solvated with TIP3P

water molecules. Two Na+ ions were added to neutralize the system. After minimization, heating and equilibration of the system,

the production 100-ns MD simulations were performed with periodic boundary conditions at 300 K. The temperature wasmaintained

by using the Langevin thermostat, whereas the pressure was kept at 1 bar using the Berendsen barostat (Berendsen et al., 1984). The

time step was set to 2 fs. Long-range electrostatic interactions were treated using the Particle Mesh Ewald method (Darden et al.,

1993) with a cut-off of 10 Å. Bond lengths involving hydrogen atoms were constrained by SHAKE (Ryckaert et al., 1977). Analyses

of the trajectories were carried out with CPPTRAJ (Roe and Cheatham, 2013), VMD (Humphrey et al., 1996) and UCSF Chimera (Pet-

tersen et al., 2004).ITC

Synthetic peptides were prepared by first dissolving them to purified water (Milli-Q) and adjusting solution pH to 6.5. Next, the pep-

tides were lyophilized and redissolved in 20 mM sodium phosphate, 50 mM NaCl, pH 6.5 buffer. Peptide concentrations varied be-

tween 0.5 and 2.0mM. Peptides were titrated to sample cell containing SNX9 SH3 in 0.03–0.14mMconcentrations. The experiments

were performed at 25�C using MicroCal PEAQ-ITC isothermal titration calorimeter (Malvern Instruments Ltd., UK). Experiments were

performedtwo or three times. Parameter averages were calculated of all measurements. Data were analysed with MicroCal PEAQ-

ITCAnalysis software (Malvern Instruments Ltd., UK). The one set of sites fittingmodel was used and calculated constant control heat

(Fitted Offset) was used as control.

Cells and plasmids
HEK293T cells were maintained in Dulbecco’s Modified Eagle Medium (Sigma: D6546) supplemented with 4mM Ala-Gln (Sigma:

G8541) and 10% Fetal Bovine Serum (Thermo Fisher Scientific: 10270-106). Cell cultures were incubated in +37�C with 5% CO2.

Template plasmids for SNX9 and SNX33 have been described previously (Kleino et al., 2009). SNX18 was a gift from Sven

Carlsson (Søreng et al., 2018) and peYFP-HTLV1-coGAG producing codon optimized HTLV-1 GAG from Louis Mansky

(Grigsby et al., 2010). SNX9, SNX18 and SNX33 were cloned into pEBB-PP plasmid and A to L and AxxA mutations were

introduced by site-directed mutagenesis. pCRU5-inLuc-mR replication dependent HTLV-1 genomic plasmid and pCMV-

HT1-M packaging plasmid were gifts from Dimitry Mazurov (Institute of Gene Biology Russian Academy of Sciences) and

have been described previously (Mazurov et al., 2010; Shunaeva et al., 2015). pCMV-HT1-M A to L and AxxA mutations

were generated from synthetic DNA fragments (Integrated DNA Technologies) and cloned into Not1 and Ade1 restriction sites

of pCMV-HT1-M.

pCRU5-inLuc-mR plasmid contains a truncated HTLV-1 genome containing a firefly luciferase gene that is not expressed in cells

transfected to produce HTLV-1 pseudoviruses and requires one round of reverse transcription to produce luciferase. This is because

the luciferase gene in pCRU5-inLuc-mR has been placed in the antisense orientation and is disrupted by an intron in the sense

orientation. Therefore, an open luciferase reading frame is present only in the new provirus in the infected cells generated via reverse

transcription of the spliced mRNA product of pCRU5-inLuc-mR. This is important because HTLV-1 infection takes place mainly via

cell-to-cell contacts, andHTLV-1 gene expression in the infected cellsmust be distinguished from expression of the transfected plas-

mids in the co-cultured HTLV-1 pseudovirus-producing cells.

pCMV-HT1-M packaging plasmid for HTLV-1 retroviral vector system expresses HTLV-1 genes from aCMV-enhancer, and is used

to generate HTLV-1 pseudoviruses by co-transfecting it into producer cells together with a a truncatedHTLV-1 proviral plasmid, such

pCRU5-inLuc-mR. In order to generate ‘‘A to L’’ and ‘‘AxxA’’ mutations, synthetic gene fragments were purchased from Integrated

DNA Technologies, Inc, USA, cloned between the Ade1 and Not1 restriction enzymes sites in pCMV-HT1-M.

Co-precipitation studies
3 3 106 HEK293T cells were seeded on 10 cm plates one day before transfection. 4 mg peYFP-HTLV1-coGAG and 2 mg pEBB

plasmid expressing PP-tagged SNX9, SNX18, or SNX33 were transfected using 18 mg PEI. 48 h after transfection cells were washed

with PBS and lysed in 1 mL ice-cold lysis buffer (50 mM Tris [pH:7.4], 150 mM NaCl, 1 mM EDTA and %1 NP-40) containing phos-

phatase and protease inhibitors (Thermo Fisher Scientific, A32957 and A32963 respectively). After a 30 min incubation the lysates

were centrifuged at 16 000 rcf at +4 for 20 min. Supernatants were mixed with 70 mg M�280 Streptavidin Dynabeads (Invitrogen,

11205D) and incubated at +4 with rotation. After 3–4 h of incubation beads were washed with lysis buffer 3 times and mixed with

SDS-Loading buffer. Samples were analyzed with standard western blotting. Anti-HTLV-1 p24 antibody (Abcam ab9081) and

goat anti mouse IRDye 680RD (LI-COR P/N: 925–68070) used for detecting GAG while IRDye 800CW Streptavidin (LI-COR P/N:

926–32230) was used to detect SNXs. GAPDH was detected with antibody from Cell Signaling Technology (#2118) using goat

anti rabbit IRDye 800CW (LI-COR P/N: 926–32211) as a secondary antibody. Odyssey infrared imaging system and Image Studio

v3.1 software (LI-COR) were employed to visualize the blots.
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HTLV-1 viral transmission
5 3 105 HEK293T cells were seeded on 6-well plates one day before transfection. For generating HTLV-1 viral vector expressing

firefly Luciferase 500 ng of pCMV-HT1-M plasmid expressing HTLV-1 viral proteins and 1.5 mg pCRU5-inLuc-mR genomic plasmid

were transfected using 6 mg PEI. 48 h after transfection the cells were washed with PBS and lysed with lysis reagent (Promega:

E153A). Samples were analyzed with Firefly Luciferase Assay Kit (Promega: E1501). Expressions of viral proteins were analyzed

by Western blotting using Anti-HTLV-1 p24 antibody as described above.

Image Studio v3.1 software (Li-Cor Biosciences) were employed to visualize the blots.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis details are found in the methods description and figure captions.
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