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The binding of the TRIM5a restriction factor to the HIV capsid is mediated by the C-terminal
SPRY domain of TRIM5a. Atomic-level details of this host-pathogen interaction, which involves
mobile variable loops of the SPRY domain, remain unclear. Some of the key determinants of
restriction are encompassed by the long and disordered v1 loop of the SPRY domain. We applied
molecular modeling to elucidate the conformational repertoire of the v1 loop and its role in the
interaction with the capsid. All-atom replica exchange molecular dynamics revealed multiple
transient, interconverting states of the v1 loop consistent with the intrinsic disorder observed
experimentally. The docking of the SPRY conformations representing 10 most populated states
onto the high-resolution model of the assembled HIV-1 capsid revealed that a subset of v1
conformations produced plausible binding poses, in which the SPRY domain binds close to the
pseudo-2-fold symmetry axis and the v1 loop spans the interhexamer gap. Such binding mode is
well supported by the NMR binding data and known escape mutants. We speculate that the
binding mode that involves interaction of the capsid with a subset of preexisting SPRY
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conformations arising from the intrinsic disorder of the v1 loop may explain the remarkable ability
of TRIM5a to resist viral evasion by mutagenesis and to restrict divergent retroviruses.

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

TRIM5a is a restriction factor that blocks retroviral replication following entry of the virus
into the cytoplasm of the target cell.l TRIM5a binds to the assembled capsid protein of the
mature viral core, and this molecular recognition event determines the specificity of
TRIM5a-mediated restriction and contributes to the host tropism of primate
immunodeficiency viruses.2=8 The human variant of TRIM5a has low affinity for the HIV
capsid and is a poor restrictor of the HIV retrovirus, whereas TRIM5¢« of the rhesus monkey
binds HIV capsid with higher affinity and displays very potent HIV restriction.3-> The host—
pathogen interface formed by TRIM5a and the retroviral capsid is subject to strong positive
selection resulting from antagonistic coevolution of retroviruses and their primate hosts.’
The protein segments under positive selection map onto the C-terminal SPRY domain,
which is the capsid-binding module of TRIM5a.2-47

The individual SPRY domains bind the capsid with low affinity, and capsid recognition
depends on the avidity effect arising from TRIM5c oligomerization.8-13 High-avidity
protein-protein interactions are refractory to structural studies and pose significant
experimental challenges because contributions of oligomerization and individual epitope
binding to the overall binding affinity cannot be easily separated. Here, we focus on the
interaction of the isolated SPRY domains with the capsid, which, albeit weak, are key
determinants of the specificity and affinity of the TRIM5a-capsid binding. The structure of
the rhesus TRIM5a SPRY domain has recently been determined by X-ray crystallography
and NMR,14:15 and two atomic-resolution reconstructions of the fully assembled HIV capsid
are also available.16:17 However, it remains poorly understood how the two proteins come
together to form the restriction-competent complex because the interfaces of the two
proteins contain flexible segments, making it difficult to predict the relative orientation of
the binding partners and to interpret mutagenesis data. Particularly, the long v1 loop within
the SPRY domain, which displays very high variability in primates and is critical for SPRY-
capsid interactions, is highly mobile.14

The long and mobile v1 loop of SPRY displays significant NMR chemical shift
perturbations upon binding to the capsid,®14 but detailed understanding of the v1
conformational change upon binding is lacking. The question of the v1 involvement in the
SPRY-capsid interactions is probably best approached in the framework developed for
studies of intrinsically disordered proteins (IDPs), proteins which do not possess a well-
defined fold but instead can exist in multiple structural states with certain probabilities and,
thus, are better described as ensembles of structures.18-21 Disordered protein regions
commonly undergo a disorder-to-order transition and adopt defined conformations upon
binding to their interaction partners, but this is not a strict requirement, and some proteins
can remain largely unstructured in the bound state.2223 For weak protein-protein
interactions steric and electrostatic complementarity becomes less stringent and the complex
may no longer be represented by a single well-defined structure but should instead be
described as an ensemble of bound states.2* Such binding can be determined by a property
not attributable to specific amino acid residues, as observed, for example, in the interaction
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of the intrinsically disordered transactivation domain of the Ewing's sarcoma oncoprotein
(EAD) with its target. 2° Interestingly, no single-residue mutation within the v1 loop of the
rhesus monkey SPRY domain has been shown to eliminate binding to the HIV-1 capsid,
which may be a direct consequence of intrinsic disorder at the SPRY-capsid interface.
Gaining mechanistic insight into the mode of SPRY -capsid interaction and understanding
where it fits on the spectrum of binding modes observed for IDPs may facilitate
interpretation of the mutagenesis data and inform future functional studies.

In this study, we investigate conformational properties of the mobile capsid-binding surface
of the rhesus TRIM5a SPRY using replica exchange molecular dynamics (REMD)
simulations, an extension of the conventional molecular dynamics technique that allows for
accelerated and more complete coverage of the conformational space of a protein.26:27 For
example, conformational sampling of a 21 residue-long peptide Fs-21 was 35.1 times faster
with REMD over conventional MD.28 REMD has become the method of choice for
problems involving major conformational rearrangements and disorder-to-order transitions,
such as chaperone-assisted folding,2? coupled folding and binding of intrinsically disordered
proteins,30 and binding of proteins to short disordered peptides.31 REMD may prove
particularly powerful for the SPRY domain modeling because, on the one hand, the resulting
trajectories can be validated using available NMR-derived relaxation and nuclear
Overhauser effect (NOE) data, whereas on the other, REMD trajectories can provide a much
more exhaustive picture of the conformational repertoire of the SPRY domain than the
conventional simulated-annealing approaches. Simulated-annealing calculations that use
NMR-derived distance and angle restraints are not optimal in the regions with significant
disorder because the NOE restrains are usually sparse in the mobile protein segments and
may arise from distinct protein conformations. In this work, the conformational space
sampled by the SPRY domain was explored by calculating 100 replica trajectories of 100 ns
in a 200 K temperature window in explicit solvent. The derived conformational repertoire of
the intrinsically disordered v1 loop was then evaluated by docking of the 10 most-populated
states onto the surface of the assembled HIV capsid. We find that a subset of transient
conformations adopted by the free SPRY domain in solution can produce plausible
complexes that are in good agreement with experimental data. We suggest that the
remarkable resilience of the SPRY domain to capsid mutations may arise from its ability to
bind to the capsid using several distinct conformations of the v1 loop.

Materials and Methods

MD and REMD

Molecular dynamics calculations were performed with GROMACS 4.5.3 software using
resources of the University of Texas Health Science Center at San Antonio (UTHSCSA) and
the Texas Advanced Computing Center (TACC)(Alamo and Lone Star clusters,
respectively). We selected the ff99sb-ildn-NMR32 variant of the original Amber ff99 force
filed33 with improved the ¢/ dihedral 32:34.35 and side chain torsion potentials for lle, Leu,
Asp, and Asn residues.3® This force field scored high when tested against a suite of 524
chemical shift and J coupling ((3)JH(N)H(a), (3)JH(N)C(//), (3)JH(a)C’, (3)JH(N)C’, and
(3)JH(a)N) measurements on dipeptides, tripeptides, tetra-alanine, and ubiquitin. The
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Docking

lowest-energy conformation from the family of NMR structures (PDB ID: 2LM3)14 was
used as the starting structure for the simulation. The 205-residue protein contains 3206
atoms. The protein was immersed into a triclinic box with a minimal distance of 1 nm to box
wall. Initially, 500 steps of steepest descent energy minimization were conducted to remove
steric clashes. The box was filled with 8291 SPC water molecules and 26 pairs of Na* and
CI™ ions to mimic physiological conditions. The resulting system of 28 131 atoms was
energetically minimized for additional 500 steps. The system's temperature was then
gradually raised to 300 K using 1 K per 1 ps step. Solvent was equilibrated in a 5 ns
molecular dynamics calculation with the protein-heavy atoms harmonically restrained to
their positions in NPT ensemble. Pressure of 1 atm was controlled with Parinello-Rahman
algorithm and temperature kept fixed with v-rescale. The PME method was used to treat
electrostatics beyond the cutoff of 0.9 nm, and grid spacing of 0.16 nm was applied. For van
der Waals interactions the same 0.9 nm cutoff was applied and the neighbor list was updated
every 5 steps. The stochastic integrator with a 2 fs time step was used in all MD calculation.
The resulting SPRY conformation was used as input for both, the conventional and replica
exchange MD. Conventional molecular dynamics simulations were performed as 10
independent trajectories of 100 ns each and snapshots were saved every 2 ps. For the replica
exchange calculation we selected a temperature window of 200 K. T-REMD server3’ was
used to generate the temperature distribution of the 100 replica within the 300-501.18 K
temperature window. Exchange probability was set to 0.25 and exchange attempts were
made every 1000 steps (2 ps). Trajectories of 100 ns were calculated for each of the 100
replicas, totaling in 10 ps of the cumulative REMD trajectory.

The HIV capsid lattice of the entire conical mature viral core is heterogeneous, consisting of
hexamers and pentamers that form surfaces of distinct curvature. 38:39.16.17 |n vitro, the
capsid protein can be assembled into cylindrical structures devoid of pentamers with the
surface curvature similar to the one observed on the lateral surfaces of the conical viral
cores. In the cosedimentation studies, the TRIM5a binding to the cylindrical in vitro
assemblies correlates with the TRIMS5q restriction activity.3:> Therefore, we used the
relatively low curvature of the lateral surface of the cone for our docking studies.

The SPRY domain was docked onto the segment of the assembled capsid surface formed by
three neighboring capsid hexamers related by the pseudo-3-fold local symmetry axis in the
assembled structure. The trimer of hexamers contains all possible relative arrangements of
epitopes on the capsid surface that could potentially be recognized by the SPRY domain. We
used the crystal structure of the capsid hexamer (PDB ID: 3H4E, chains A-F) for each of
the three hexamers. The trimer of hexamers was constructed by fitting Ca atoms of the
prepared hexamer described above to the coordinates of three hexamers on the lateral
surface of the all atom model of the fully assembled HIV-1 cone.16

Protein—protein docking that accounts for backbone and side chain flexibility is beyond
current computational capabilities for systems of this size, so the capsid surface had to be
kept rigid in the docking calculations. Thus, the main challenge in constructing the
assembled capsid surface for the docking studies was posed by the most flexible element of
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the HIV-1 capsid: the cyclophilin A (CypA) binding loop located between helices 4 and 5 of
the N-terminal domain.#142 TRIM5« SPRY domain could theoretically be in contact with
as many as 9 cyclophilin-binding loops on the surface of the assembled capsid model, so
accounting for multiple different loop conformations was not possible and we were limited
to a single conformation. Inspection of the available X-ray structures of the HIV-1 CA NTD
in which the loop electron density is resolved revealed that there is one conformation that is
adopted most frequently (Supporting Information Figure S1).4043-45 This observation
suggested that this conformation, even if only marginally stable, is predominant on the
surface of the assembled capsid, and it was selected for our docking studies. Therefore, the
same conformation of the CypA binding loop (3H4E, chain A) was used in every CA
monomer within the hexamer.

The SIVmac239 capsid surface was constructed using the crystal structure of the
SIVmac239 N-terminal domain.*6 Electron density for the P88 in the CypA binding loop is
missing in the SIVmac239 CA-NTD crystal, and both possible P88 isomers were modeled.
The Schrodinger Maestro program was used to build the missing proline residue into the
loop in the cis and trans conformations and an energy minimization was performed.
Superposition on the original conformation from the crystal structure revealed that only the
trans conformation was consistent with the electron density observed in the crystal and it
was used to construct the capsid surface. Outside of the cyclophilin binding loop, the
SIVmac239 capsid is virtually identical to the HIV ortholog, so we used the assembled HIV
capsid as the template and only replaced the N-terminal domains with the SIVmac239 CA-
NTD structure.

Rigid protein—protein docking was performed with Piper*’ through Bioluminate interface of
the Schrodinger suite. A total of 70 000 orientations were sampled, and 30 poses per ligand
were saved. The poses were scored using the following criteria: (1) SPRY domain has to be
oriented relative to the capsid in such a way that the interaction is primarily mediated by the
variable loops v1 through v3, (2) the SPRY domain has to interact with more than one
hexamer, (3) the v1 loop has to span the interhexamer gap, (4) the pose is scored depending
on how well it agrees with mutagenesis and NMR titration data, and (5) the pose is scored
depending on how frequently it occurs.

Results and Discussion

Amino Acid Composition of the vl Loop Is Not Typical for Flexible Protein Loops

NMR relaxation properties of the v1 loop (S324-C349) of SPRY domain from rhesus
TRIM5a indicate a high degree of intrinsic disorder and mobility.14 However, the amino
acid composition of the SPRY v1 is distinct from what is usually observed in disordered
regions: the 5 aromatic residues (Y331, F338, F340, F346, and Y 348) located in the loop
constitute 19% of its total amino acid content (Figure 1, bottom panel). Such large aromatic
content is characteristic for stable protein folds#® and, in contrast, not commonly observed in
the intrinsically disordered proteins or regions.4° Histidine 312 is sterically adjacent to Y348
and is located between v1 stems and points its side chain into the loop interior. Comparison
of the v1 loop composition to the amino acid content in disordered regions of proteins>®
reveals that 35% of amino acids in the v1 loop are order promoters, whereas only 38% are
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disorder inducers (Figure 1). Distribution of the order-promoting residues is not uniform.
With the exception of 1329 and Y331, all order-promoting residues are located in the C-
terminal segment of the loop (P334-C349), whereas in the N-terminal part disorder-
promoting residues dominate. This observation agrees with the intrinsic disorder prediction
algorithms, which return relatively low disorder probabilities for v1, with higher values
observed within N-terminal portion of the loop (Supporting Information Figure S2).

The length of the v1 loop (26aa) is within limits of minimal folds (e.g., Trp-cage, BBAS5,
WW domain, etc.), so theoretically, a metastable v1 conformation is feasible through
ordered m— interactions or hydrophobic collapse. The stems of the loop are located adjacent
to each other (less than 10 A apart), which provides high conformational freedom with many
possibilities for backbone folding and side chain packing. Three v1 proline residues (P327,
P334, and P341) divide the loop into three almost equal segments (P327— A333, P334-
F340, and P341 — Y349) and render formation of extended secondary structure elements
within v1 unfavorable. The length of these segments is similar to that of short linear motifs
(SLiMs)—peptide stretches implicated in binding of IDPs to their targets.>1:52 Notably, the
v1 loop of a related TRIM21 protein adopts a well-defined and stable conformation
determined by a network of hydrogen bonds and hydrophobic interactions with the adjacent
v2 loop.33 In summary, the analysis of the v1 amino acid content suggests that, despite the
observed disorder, the v1 loop may be capable of forming defined transient conformations,
which can be further stabilized by the interaction with the binding partner.

Replica Exchange Molecular Dynamics Reveals Multiple Shallow Energetic Minima on the
Free Energy Surface of V1 Conformations

In order to gain insight into the nature of v1 motions and to characterize the ensemble of v1
conformations, we performed replica exchange molecular dynamics (REMD) simulations in
explicit solvent. To accomplish this, we calculated 100 ns REMD trajectories for 100 replica
within the 200 K temperature window (see Materials and Methods). The observed random
walk of the replica within the temperature window indicates sufficiently high exchange rate
needed for efficient energy barrier crossing on the free energy landscape (Supporting
Information Figure S3). For further analysis we used the lowest temperature (300 K) REMD
trajectory.

Dihedral principal component analysis (dPCA)>4:55 is a convenient approach to analyze
conformational distribution in internal coordinates as it naturally separates internal from
overall motion. This is of particular importance to study free energy landscapes of
biomolecules undergoing large structural rearrangements. We applied dPCA to derive free
energy profile of the v1 loop by projecting of the trajectory onto its first two principal
components (Figure 2). The map reveals multiple energetic minima separated by continuous
shallow areas. The basins are only up to ~2.5 kcal/mol deep, which is not sufficient to
confer stability to those states. From the derived free energy map, the conformational
dynamics of the v1 loop can be interpreted as fluctuations within these basins with frequent
transitions between them. This pattern seems to be indicative of structural disorder as has
been observed with other intrinsically disordered proteins studied with REMD. 56-58
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In order to analyze population distribution, we performed structural clusterization of the v1
loop conformations with a cutoff 0.25 nm. Distribution of cluster sizes did not reveal a
prevalent conformation: the top five clusters accommodated 7.37%, 4.94%, 4.90%, 4.69%,
and 4.64% of total conformations (Supporting Information Figure S4a). A total of 38
clusters had sizes of at least 10% of the top one, accumulating together 80.7% of all
conformations. Similarly, the distribution of eigenvalues from the dPCA analysis reveals
that 22 eigenvectors have eigenvalues at least 10% of that of the first vector (Supporting
Information Figure S4b). Collectively these data further support the intrinsically disordered
nature of the v1 loop.

In order to evaluate the convergence of the trajectory, we analyzed the distribution of a set
of interatomic distances within the v1 loop throughout the simulation. (Supporting
Information Figure S4c). Similar distance distribution profiles in the initial and the final
halves of the full trajectory are indicative of acceptable convergence of the REMD
simulation. Furthemore, analysis of conformations in the most populated clusters reveals
that these energetic basins were revisited multiple times along the trajectory (Supporting
Information Figure S4d), another indicator of good convergence.

vl Loop in Populated Clusters Is Stabilized by Hydrogen Bonding and Hydrophobic

Interactions

Figure 2 shows the representative conformations (centroids) of the top six structural clusters.
The backbone conformations and the side chain packing are markedly different in the six
centroid structures consistent with the significant separation of the clusters on the free
energy map. Inspection of the structures reveals that the conformations are stabilized either
through secondary structural elements or the hydrophobic collapse of the side chains.

Among the top 10 clusters, four (#2, #6, #9, and #10) contain elements with helix-like
hydrogen bonding of consecutive residues (Supporting Information Figure S5a). Residual
secondary structure was observed in three distinct v1 segments: P327-A333, P334-F340,
and P341-Y 348, with the highest probability detected in the central segment P334-F340
(Figure 3). Disorder-to-order transition is commonly observed in intrinsically disordered
proteins upon association with their binding partners. For example, intrinsically disordered
nuclear coactivator binding domain (NCBD) of the transcriptional activator CBP has three
regions with residual a-helical signatures, albeit largely disordered in the unbound state.5’
Upon interaction with either of the two structurally distinct NCBD binding partners, CABD
and IRF-3, all three helices are fully stabilized.5%-80 Thus, we speculate that residual
secondary structure observed in the REMD simulation of the free SPRY domain may be
important for recognition of the HIV capsid.

Another observed stabilization mechanism in the v1 loop is the formation of a local
hydrophobic core in which aromatic residues act as key contributors. 61:62 Side chains of
H312 and Y348 are located at the interface between the loop and the protein and nucleate
the hydrophobic collapse. Depending on particular cluster representatives, contributing
amino acids varied to include other aromatic (Y331, F340), apolar (1329, M330), and
positively charged residues (R325) to introduce 7, liphophilic, or cation— interactions
into the core, respectively. The participating amino acids are distributed throughout the v1
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loop; therefore, their involvement in the core prevent it from adopting extended
conformations. For example, in cluster #1, the aromatic core includes residues H312, R325,
Y331, and Y348, which constrains most of the v1 loop (Supporting Information Figure
S5b). Additionally, the tip of the loop (residues adjacent to P334) is locked through
hydrogen bonding with N309 in the pre-v1 segment. H312, located between v1 loop stems,
is particularly important as it is observed to nucleate interactions in most clusters with
hydrophobic collapse. The majority of its interactions is with aromatic residues, but
hydrogen bonding is also observed in one of the structures. H312 was identified as one of
the residues undergoing positive selection in TRIM5a evolution,” consistent with its
contribution to the v1 conformational repertoire that we observe in our study. Other residues
commonly observed in this position in primate TRIM5qa variants are cysteine and tyrosine,
both of which are similar to histidine in their ability to mediate hydrophobic interactions as
well as participate in hydrogen bonding.

vl Loop Is Not Uniformly Flexible

The stems of the v1 loop are in close proximity to each other; thus, the loop flexibility is
unrestrained by the attachment points and is solely determined by its amino acid
composition. In order to characterize the v1 disorder and its propensity for hydrophobic
collapse, we looked at the radial distribution function (RDF) commonly used in the
statistical analysis of chaotic systems. We used the three proline residues (P327, P334, and
P341) as reference points in the v1 loop and calculated the RDFs between Cyatoms each of
the three prolines and the loop base (geomteric center of Cyatoms of H312 and Y348)
(Figure 4). The RDFs display two major peaks at r1 = 0.44 nm and r2 = 0.9 nm, which can
be interpreted as direct van der Waals contact or through another atoms layer, respectively.
RDF of the N-terminal P327 reveals nearly equal probability of the rl and r2 states, whereas
the C-terminal P341 displays a marked preference for the fully collapsed state. These
observations are consistent with the distribution of aromatic residues within the v1 and with
the disorder probabilities predicted by the disorder-prediction algorithms (Supporting
Information Figure S2). The strong tendency toward hydrophobic collapse observed in the
C-terminal segment of v1 may be functionally important because mutation of five
consecutive residues (NFNYC) in the C-terminus of v1 to alanine displays a very strong
defect in HIV restriction and capsid binding.8-14

Evaluation of the Energy Function Using X-ray and NMR Data

We performed 10 100 ns-long MD simulations of the same system that was used for the
replica exchange calculations to assess flexibility of the v1 loop under conventional regime.
We observed dissimilar dynamics in all 10 simulations, which is reflected in root-mean-
square fluctuations profiles of Ca atoms (Figure 5a). In some systems (#1 or #6), v1 has
reached metastable states, whereas most others showed unconstrained fluctuations. Such v1
behavior agrees with nearly radial distribution of the final conformations with respect to the
starting NMR state on the FES map (Figure 2).

Despite high flexibility in conventional MD simulations, the trajectories provide only sparse
coverage of the energy surface (see legend of the Figure 2). The v1 loop of SPRY is a
particularly challenging system because the abundance of aromatic side chains and hydrogen
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bond donors/acceptors results in multiple possibilities for intraloop contacts and slows down
the sampling of the accessible free energy surface. The data illustrate advantages of the
REMD approach for simulation of long and mobile protein segments.

We used trajectories from 10 conventional MD simulations to analyze per residue
fluctuations and calculate average B factors in order to compare with B factors determined
from the 1.55 A resolution X-ray diffraction data set!* (Figure 5a). All residues except
variable loops have exhibited similar flexibility. We observe a very good correspondence
between experimental and theoretical B factors, which indicates appropriate selection of the
force field parameters.32 The discrepancy in the 419-425 region is caused by the changes in
the hydrogen bonding involving the backbone amide of G420 that we observe in the
simulation, which is probably impeded in the crystal.

The conformational ensemble derived from the REMD simulation was evaluated using
experimental pairwise distance restrains derived from nuclear Overhauser effect (NOE)
NMR spectroscopy. We used distance restraints obtained from NOE measurements for V1
protons located at least one residue apart (NOE (i, i + n) with n > 1) and compared them to
the distances between the same protons derived from the REMD simulations (Figure 5b).
The pairwise distances averaged over 10 centroids showed good correspondence to
experimental data: 78% of the NOE contacts are satisfied, and 91% fall within 1 A
tolerance.

Then, we analyzed the NOE violations (Supporting Information Supplementary Table 1). Of
the 143 long-range NOE contacts, 13 are violated by more than 1 A on average over the 10
centroid structures. However, when these NOEs are analyzed for each centroid, only one
NOE is violated by more than 1 A in all 10 centroids, whereas the other NOEs are within 1
A in at least one centroid. The most likely explanation of this observation is that these NOEs
arise from just one particular transient conformation of v1. This is a well-known
phenomenon frequently observed in the NMR studies of short peptides in solution, which
complicates interpretation of NOE data because NOE contacts that arise from distinct
conformations should not be used simultaneously in a structural calculation. Notably, one of
the three most violated averaged NOEs (L337HD2-T339HG?2) is only satisfied in the first,
most populated centroid. Another indication that NOE signals may arise from distinct v1
conformations comes from the distribution of the calculated NMR structures on the free
energy surface map (Figure 2). Taking into account that principal component metrics on the
dPCA map are conformationally linked, 545 a structure that is calculated to satisfy NOE
contacts arising from distinct conformations are expected to be located close to the
geometric center of the projections of these conformations onto the dPCA map. This is
roughly what we observe for the v1 loop of the SPRY domain. The possibility of distinct
conformations observed in our computational analysis should be taken into account when
analyzing the NOE data for the SPRY domain variants. Analysis of REMD trajectories may
provide a valuable tool for sorting NOE signals into sets that correspond to distinct
conformations.
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Docking of the SPRY Domain onto the HIV-1 CA Surface

Our next goal was to evaluate conformations of the SPRY domain obtained from the REMD
studies for their complementarity with the surface of the assembled capsid using molecular
docking. Computational protein—protein docking provides an unbiased approach for scoring,
sorting, and identifying most compatible structures from an ensemble of conformations.
However, the limitations of the force fields, pose scoring, and computational capabilities
make accurate docking of weak protein—protein interactions challenging, and the predicted
binding poses can by no means be considered high-resolution binding models. The main
limitation of this study is the inability to fully account for protein flexibility at the binding
interface. The conformational repertoire of the SPRY domain was represented by the 10
centroid structures representing the most populated energetic basins derived from REMD.
However, the capsid surface was represented by a single model. The most commonly
occurring conformation of the flexible cyclophilin-binding loop was used for all capsid
monomers in the assembled capsid structure (see Materials and Methods). The SPRY
conformers were docked onto the segment of CA surface formed by three neighboring CA
hexamers that was constructed to approximate the curvature observed on the lateral surface
of the conical HIV capsid. The docked poses were evaluated using five criteria based on
existing experimental data for SPRY—capsid interactions (see Materials and Methods). A
total of 33 out of the 300 poses satisfied the first four criteria. Among these, we found 17
complexes in which the orientation of the SPRY domain was similar, with multiple poses
observed for three SPRY centroids (#1, #6, and #10). This binding mode is analyzed in more
detail below.

The gaps between neighboring CA-NTD hexamers in the assembled capsid form deep
crevices in the outer surface of the mature viral core. There are two major openings in the
interhexamer space, one centered at the 2-fold symmetry axis of the hexagonal lattice (2-
fold gap) and the other at the 3-fold symmetry axis (3-fold gap). The 2-fold gap is a deep,
tunnellike opening, whereas the 3-fold gap is more shallow and rounded with its three sides
lined by residues of the C-terminal end of helix 4 and the N-terminal end of the CypA-
binding loop (Figure 6a). In the selected docked poses the SPRY domain binds such that the
v2 and v3 loops are positioned in the 2-fold gap making contacts with two neighboring CA-
NTD units within one hexamer and the v1 loop spans the 3-fold gap making contacts with
the CypA-binding loop of the neighboring hexamers (Figure 6b). Superposition of the poses
from the three centroids shows that the difference between the docked poses is mainly in the
conformation of the v1 loop, as v2 and v3 loops occupy similar positions in the 2-fold gap.

The observed poses agree well with the models of SPRY- capsid binding based on the NMR
titration data,® which suggests that the v1 loop is most likely involved in forming
interhexamer contacts. They are also consistent with mutagenesis data available for the
capsid—-TRIM5« interaction from a number of studies.#6:63-72 The CypA-binding loop lines
the surfaces of the 2-fold and 3-fold gaps occupied by the SPRY domain in the docked poses
described above, which explains the deleterious effect of mutations in the loop on TRIM5a
restriction. For example, residues VV8653:69 and H87%6.69 from the CypA-biniding loop were
found to be important for resistance emerging (Figure 6¢). Another class of resistant
mutations identified includes residues in helix 6 and its immediate vicinity.6%72 For
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example, a recently published selected evolution study describes HIV-1 CA variants that
escape TRIM5q restriction without an associated fitness defect.”2 G116E and M96I
mutations identified in this study are of particular interest because these residues also
display enhanced NMR broadening in the in vitro titration studies.8 These mutations are
expected to affect relative orientation of the cyclophilin-binding loop and helix 6 of the
capsid. In our docked poses, helix 6 makes contacts with the v2 loop of the SPRY domain,
so any relative movement of these two distinct CA epitopes involved in the SPRY-CA
interaction would compromise binding affinity.

Docking of the SPRY Domain onto the SIVmac CA Surface

To further evaluate the utility of protein—protein docking for studies of TRIM5a—capsid
binding we performed docking of the rhesus SPRY domain onto the SIVmac239 capsid.
SIVmac239 CA was selected because it is not restricted by the rhesus TRIM5q, and the high
resolution structure of SIVmac239 CA-NTD has recently been determined.*® The model of
the SIVmac239 lattice was constructed by replacing the CA-NTD domain in the HIV-1
model with the SIVmac structure (see Materials and Methods). The backbone conformations
of the two CA-NTD domains are virtually identical with the exception of the cyclophilin-
binding loop, the amino acid composition of which is significantly different in the two
proteins (SIVmac239, 85QPAPQQGQLREPSY and HIV-1, 88VHAGPIAPGQMREPR100),
Docking of the same 10 most-populated conformers of the rhesus SPRY that were used for
HIV-1 CA docking returned only four poses that satisfied the first four selection criteria (see
Materials and Methods). Three out of the four poses were formed by the centroid #4 and
represent the same binding mode, which is somewhat similar to the one observed with the
HIV-1 capsid. The significant difference in the occurrence of the plausible binding poses
between the SIVmac239 capsid (1%) and the HIV-1 capsid (5.6%) suggests that protein—
protein docking can distinguish between restricted and nonrestricted capsids despite the
limitations of the rigid-body approximation. There are two factors that contribute to the
different outputs of the docking calculation for the two capsids. First is the different
conformation of the cyclophilin-binding loop in the two capsids, which brings about
differences in the overall steric complementarity between the CypA binding loop and the
SPRY. The correlation between restriction and the number of plausible binding poses may
suggest that, despite the mobility of the cyclophilin-binding loop its conformations found in
the crystals are the more stable ones and are most abundant on the surface of the assembled
capsid. The second factor is the electrostatic complementarity between the SPRY domain
and the capsid surface, which may contribute to the selectivity of TRIM5a restriction. The
outer surface of the HIV-1 capsid in the vicinity of the suggested binding site is populated
with hydrophobic and charged amino acids (Supporting Information Figure S6). The
corresponding patch on the SIVmac239 variant is enriched with glutamines, which do not
strongly contribute to neither hydrophobic nor to charge interactions. V86Q and H87Q
mutations in the HIV-1 capsid contribute to the escape from the restriction by the rhesus
TRIM5q,%9 whereas the 89QQ to LPA substitution in the SIVmac239 capsid sensitizes it
to restriction by the rhesus TRIM5a P variant.46:71 We speculate that the glutamines can
attenuate contacts with the largely hydrophobic v1 loop of the rhesus SPRY domain, thus
weakening the interaction.
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Interactions of IDPs with their binding partners can be divided into two broad classes based
on their mechanism: the conformational selection, where the bound-like conformation
preexists in the ensemble of conformations of the free protein,’3~7> and the coupled folding
and binding, where the bound conformation is largely determined by the interaction with the
binding partner.”® Our data suggest that the interaction with the capsid mediated by the
intrinsically disordered surface of the SPRY domain is a variant of conformational selection,
because several preexisting SPRY conformations produce docked poses that are in good
agreement with experimental data. Such a binding mechanism may explain some of the
functional features of TRIM5a. First, the existence of several distinct conformations that are
complementary to the capsid surface, but bind somewhat differently, may explain the ability
of TRIM5a to resist viral evasion: a mutation on the capsid surface may disrupt binding of
one preexisting SPRY conformation from the binding subset but is not likely to disrupt
binding of all of them (Figure 7). Second, the mobility of the v1 loop that results in multiple
divergent conformations of the interaction interface may allow recognition of distinct
retroviral capsids because one subset of SPRY conformations can bind to one retroviral
capsid, whereas a distinct subset of conformations can recognize a different capsid. The
hypothesis that the SPRY—capsid complex can be formed with distinct conformations of the
SPRY domain is attractive because it may explain some of the tantalizing properties of
TRIMS5aq, but given the limitations of our computational study, it is nevertheless possible
that the distinct poses we observe are just intermediates in the SPRY—capsid binding, which
eventually coalesces into a single well-defined bound conformation.

Conclusions

Rapid progress in computational power, algorithms and force fields is extending the
applicability of computational tools to biological systems of ever increasing complexity. In
this study, we used REMD simulations to study the conformational repertoire of the capsid-
binding SPRY domain of the rhesus monkey TRIM5a restriction factor that potently blocks
HIV-1 replication. It is a challenging system for exhaustive molecular dynamics calculations
because the capsid-binding surface of the SPRY domain is formed by variable backbone
segments of irregular structure, which include a 26 residue-long, highly mobile v1 loop. The
results strongly support intrinsically disordered nature of the v1 loop. The calculated REMD
trajectories and the observed conformational repertoire are in very good agreement with
experimental data obtained from X-ray crystallography and NMR spectroscopy.

The docking of the most populated conformations onto the surface of the assembled HIV-1
capsid allowed identification of a plausible binding mode that is in a good agreement with
mutagenesis and NMR titration data. Remarkably, the outcome of the docking calculation
correlated with the known capsid selectivity of the rhesus TRIM5a SPRY domain, as the
docking of the SPRY onto the nonrestricted SIVmac239 capsid returned very few plausible
binding poses. Our findings are consistent with the conformational selection mechanism of
the capsid recognition by the TRIM5a SPRY domains. Although molecular docking
remains tentative for weakly interacting proteins, we show that it provides a useful tool for
evaluating the orientation of the SPRY domain relative to distinct capsid epitopes and is
useful for interpretation of the mutagenesis data. Our findings suggest that REMD may
become a powerful method in the efforts to elucidate this host-pathogen interface and the

Biochemistry. Author manuscript; available in PMC 2014 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kovalskyy and Ivanov

Page 13

molecular mechanism of TRIM5a-mediated contribution to the host-tropism of primate
immunodeficiency viruses.
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capsid

intrinsically disordered proteins

nuclear Overhauser effect
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Figure 1.
The structure of the rhTRIM5a SPRY domain. (a) Cartoon representation of the rhesus

SPRY domain structure with the variable capsid-interacting loops highlighted. The close-up
box shows one representative v1 conformation from the family of NMR structures. (b)
Location of aromatic and prolines residues within v1 loop. With the exception of Y331, all
aromatic residues are located in the C-terminal segment of the loop. Residue H312 from the
pre-v1 segment is located in-between the v1 loop stems, adjacent to Y348, and acts as a key
interfacial residue between the v1 loop and the core of the SPRY domain. (¢) Amino acid
composition of the v1 loop. Residues are colored according to their contribution to order/
disorder.50 Red, promoting disorder; blue, promoting order; gray, low promoting capability.
N-terminal part is enriched with residues that confer disorder, whereas C-terminal is
abundant with order promoting residues. The three segments that can undergo unfold-to-fold
transitions are denoted below sequence.
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Figure 2.
Free energy landscape of the v1 loop projected into first two main principal components.

Conformations of the first six centroids are are linked to corresponding energetic basins.
Location of NMR conformations (2LM3) shown in black diamonds and the starting NMR
conformation is black triangle. Final conformations from 10 conventional MD simulations
are in purple diamonds. Conventional MD SPRY has explored only the shallow part of the
free energy surface.
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Figure 3.
Helix propensity of the v1 loop residues. The prolines of the v1 loop divide it into three

segments of equal size: P327-A333, P334-F340 and P341-Y348. The central segment
P334-F340 displays the highest helix propensity.
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Figure4.
Radial distribution functions of P327 (red), P334 (black), and P341 (green) with respect to

H312/Y348. P327, P341, and P334 represent the N terminus, the C terminus, and the tip of
the v1 loop respectively. Fluctuations are higher in the N-terminal segment than in the C-
terminal one.
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MD and REMD trajectories display good agreement with experimental B factors and NOE
measurements. (a) Root mean square fluctuations (nanometers) of Ca atoms of rhSPRY
observed in the 10 conventional MD simulations. The inset panel shows B factor calculated
by averaging over the MD trajectories (red) compared to the values of obtained from the X-
ray data (black). (b) NOE violations within v1 loop observed in the 10 centroid structures of

the REMD simulation.
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Figure6.
Docking of the SPRY domain onto the capsid surface. (a) Crevices on the surface of the

HIV-1 CA lattice. The 2-fold gap has rhombic shape while the 3-fold gap is conical. There
is an opening between the two gaps highlighted in yellow. (b) The selected binding mode of
SPRY. Surfaces of two HIV-1 hexamers are shown in green. Centroids #1, #6, and #10 are
shown as cartoons. The v1 loop bound to the 3-fold gap, whereas the v2 and v3 loops fit to
2-the fold gap. (c) Solvent exposed residues, mutations of which in the HIV-1 CA
compromise restriction of the rhesus TRIM5a.
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Figure7.
The model of capsid recognition. Ensemble of unbound states of rhesus SPRY is comprised

of multiple interconverting conformations, a subset of which have good complementarity
with the surface of the assembled HIV-1 capsid. SPRY conformers from this subset can all
bind to the capsid, but the bound forms are distinct in their v1 conformations and the
contacts they make with the CA. Random mutations on the CA surface may disrupt
interaction with some of the SPRY conformers, but are not likely to disrupt interaction with
all of them. A different subset of SPRY conformers from the ensemble may recognize
retroviral capsids that share little amino acid similarity with the HIV capsid.
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