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The host factor protein TRIM5« plays an important role in restricting
the host range of HIV-1, interfering with the integrity of the HIV-1
capsid. TRIM5 triggers an antiviral innate immune response by func-
tioning as a capsid pattern recognition receptor, although the precise
mechanism by which the restriction is imposed is not completely
understood. Here we used an integrated magic-angle spinning nu-
clear magnetic resonance and molecular dynamics simulations ap-
proach to characterize, at atomic resolution, the dynamics of the
capsid’s hexameric and pentameric building blocks, and the interac-
tions with TRIM5a in the assembled capsid. Our data indicate that
assemblies in the presence of the pentameric subunits are more rigid
on the microsecond to millisecond timescales than tubes containing
only hexamers. This feature may be of key importance for controlling
the capsid’s morphology and stability. In addition, we found that
TRIM5a binding to capsid induces global rigidification and perturbs
key intermolecular interfaces essential for higher-order capsid assem-
bly, with structural and dynamic changes occurring throughout the
entire CA polypeptide chain in the assembly, rather than being lim-
ited to a specific protein-protein interface. Taken together, our re-
sults suggest that TRIM5a uses several mechanisms to destabilize the
capsid lattice, ultimately inducing its disassembly. Our findings add
to a growing body of work indicating that dynamic allostery plays a
pivotal role in capsid assembly and HIV-1 infectivity.

HIV-1 capsid | magic-angle spinning NMR | TRIM5a | CA protein
assemblies | HIV-AIDS

IV, the pathogen that causes acquired immunodeficiency

syndrome (AIDS), infects ~37 million people globally. Mature
virions contain conical capsids, which are assembled from ~1,500
copies of the capsid protein (CA) and enclose the two copies of the
RNA genome and accessory proteins. The capsid cores are pleo-
morphic with varied shapes and appearances (1). Cores contain
varying numbers of CA hexamer units (~216) and 12 pentamers
(Fig. 14), with the latter inducing curvature and enabling closure of
the ovoid (2-4). CA comprises an N-terminal domain (NTD) and a
C-terminal domain (CTD), which are connected by a flexible linker
(5-8). Overall, four intermolecular interfaces are essential for the
overall structure and the stability of the capsid: specific CTD-CTD
contacts are responsible for stable dimer formation, setting up the
oligomerization and interhexamer interactions at the pseudotwo-
fold and pseudothreefold axes, while NTD-NTD and NTD-CTD
contacts form intrahexamer interactions (8-10). Individual residues
crucial in these interfaces have been identified and verified with
respect to their functional importance by mutagenesis (1, 2, 11, 12).
The NTDs line the outside of the assembly, while the CTDs con-
nect hexameric units on its inside (4, 10). As a result, the NTD
harbors the interaction epitopes for restriction factors, such as
cyclophilin A (CypA) and tripartite motif isoform Sa (TRIMS5a)
13, 14).
( Caps)id cores are highly dynamic (2, 15-18), and motions in
capsid assemblies occur over a wide range of timescales, from
picoseconds to milliseconds and slower. These dynamics control
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capsid morphology and, in its final outcome, retroviral replication.
We recently described the critical role of dynamics in the capsid’s
escape from CypA (17) and specifically showed that motions on
the microsecond-to-nanosecond timescale in the CypA binding
loop play a role. Our results imply that by fine-tuning these mo-
tions via mutations (e.g., A92E and G94D), the virus can escape
from CypA dependence. Similarly, the millisecond timescale
motions in the NTD-CTD linker are essential for the CA protein
to adopt multiple, slightly different conformations in the assem-
bled capsid (15). In addition, conformational plasticity has been
observed in the N-terminal p-hairpin and interhexameric inter-
faces (19, 20). The conformational plasticity in the NTD-CTD
linker and in the interhexameric/pentameric interfaces (2, 4, 21)
are important for the varied curvature in the conical capsid.
TRIMS5a is a central cellular restriction factor for HIV/simian
immunodeficiency virus (22) that functions as a capsid pattern
recognition receptor and modulates its disassembly by interacting
with the CA-NTD in the assembled capsid lattice (23-26). CA
recognition is mediated by the PRY/SPRY domain (27-30), and its
four flexible loops are believed to be important for pattern sensing
(28, 31). Rhesus TRIMSa interacts with the HIV-1 capsid, while
human TRIMSa has only modest affinity (22, 25, 32). TRIMSa
recognizes capsids of different shapes and curvatures, and TRIMSa’s
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Fig. 1. (A) Structure of a HIV-1 conical capsid and its building blocks. (B) Domain structure of TRIM5a. (C) TEM images of tubular assemblies of cross-linked
hexamer CA (A14C/E45C/W184A/M185A) assemblies (Left), cone-like CA A204C assemblies (Middle), and cone-like coassemblies containing natural abundance
CA A204C and 10% cross-linked U-'3C,">N-pentamer CA (N21C/A22C/W184A/M185A) (Right). (D) Selected regions of '3C-'3C correlation spectra of tubular
hexamer CA assemblies (black), CA A204C assemblies (magenta), and coassemblies of A204C/cross-linked pentamer CA (light green). The first contour is set at
3.5 times the noise RMSD. (E) Pelleting assay of cross-linked hexamer CA/TRIM5a CC-SPRY tubular coassemblies and TEM of cross-linked hexamer CA tubular
assemblies in the presence of TRIM5a CC-SPRY. P, pellet; S, supernatant. (Scale bars: 100 nm.)

macromolecular arrangements and symmetry have been proposed to
play roles in recognition and immune signaling (33, 34).

Despite extensive studies, the mechanistic details of capsid as-
sembly and disassembly are not well understood. Furthermore,
while biochemical and structural studies have provided insight into
TRIMSa—capsid interactions (23, 26, 34, 35), atomic-level char-
acterization has not been possible to date. Magic-angle spinning
(MAS) nuclear magnetic resonance (NMR) is uniquely suited to
elucidate the molecular details of the TRIMSo—capsid interac-
tions and has proven to be a powerful technique for studying
HIV-1 protein assemblies (36). Here we report direct, residue-
specific evidence of intermolecular interactions between TRIMSa
CC-SPRY (coiled-coil and SPRY domains; Fig. 1B) and tubular
assemblies of capsid. Our data show that capsid undergoes con-
formational changes upon TRIMS5a CC-SPRY binding, includ-
ing structural and dynamic changes at the binding interface, as
well as sites distal from the binding site. We postulate that the
differences in dynamics may play a key role in controlling capsid’s
stability and interactions with TRIMSa.

Our present results represent a significant advancement in
understanding TRIMSa engagement of the HIV-1 capsid and
support a growing body of work indicating that dynamic allostery
is a key property of HIV-1 capsid assembly and capsid-cellular
protein interactions.
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Results

Hexameric and Pentameric Subunits Have Distinct Dynamic Signatures
in Capsid Assemblies. To evaluate the dynamic signatures of pen-
tameric and hexameric building blocks in the conical capsid, we
used covalently cross-linked units of CA hexamers (A14C/E45C/
W184A/M185A) and pentamers (N21C/A22C/W184A/M185A) in
assemblies used for MAS NMR. Crystal structures of the cross-
linked hexamer and pentamer subunits were solved by Pornillos
et al. (4, 10), revealing conformational differences at the NTD-
NTD intrahexamer and CTD-CTD interhexamer interfaces.
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Cross-linked hexamers can efficiently assemble into tubes at high
salt concentration (16) (Fig. 1C). These tubes yield high-quality
MAS NMR spectra (Fig. 1D), similar to those previously observed
for wild-type CA assemblies (16, 17, 37). CA A204C forms cone-
like assemblies at high salt concentrations (2) (Fig. 1C). Using CA
A204C and cross-linked pentamers at a 10:1 ratio, assemblies of
cone-like morphology are formed similarly (Fig. 1C).

To selectively study pentamers in the context of these coas-
semblies, we prepared mixed labeled samples with uniformly *C,
!5N-labeled cross-linked pentamers, and natural abundance A204C.
This sample allowed us to collect direct, atomic-resolution data
on the pentamers. The tubular assemblies of cross-linked CA
hexamers and the cone-like assemblies of CA A204C served as
control samples, reporting on the hexamer units in the context of
these two different morphologies. As illustrated in Fig. 1D, the
NMR spectra exhibit excellent resolution, suggesting significant
local order. The chemical shifts in the '“C-'">C correlation
spectra of the A204C/cross-linked pentamer coassembly, A204C
assembly, and cross-linked hexamer tubular assembly are similar,
indicating no major changes in overall structures, although many
residue-specific chemical shift differences are present. Not surpris-
ingly, these differences are associated with residues near the muta-
tion sites, for example, A42, A47, and T48 near the E45C amino
acid change involved in the C-C crosslink. Interestingly, in A204C/
cross-linked pentamer coassemblies, differences are also observed
in resonances of residues distal from the mutation sites, indicating
conformational changes in both the NTD and CTD. For instance,
the resonance of A217 is different, possibly indicating conforma-
tional rearrangements in the helix 7/helix 11 NTD-CTD interface
(10). In addition, residue T110 in helix 5 exhibits different
chemical shifts with respect to the other two assemblies. These
observations are consistent with the local structural differences for
these regions detected in the X-ray crystal structures (10).

To further examine whether differences in dynamics may also
be present, ’N-"*C REDOR and 'H-"*C DIPSHIFT experi-
ments were recorded. Magnetization transfer profiles in these
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experiments are dependent on °N-'*C (REDOR) and 'H-"*C
(DIPSHIFT) dipolar couplings—that is, sensitive to motions on
millisecond to microsecond and microsecond to nanosecond
timescales, respectively (38). We evaluated C* integrated in-
tensities as a probe for dynamics. Remarkably, the '*N-'*C
REDOR dephasing curves (Fig. 24) reveal that cross-linked
pentamers in the coassemblies with A204C are more rigid
than the hexamers on the millisecond to microsecond timescale.
As shown in Fig. 24, the REDOR dephasing for hexamers in
the tubular and cone-like assemblies is essentially identical;
however, pentamers in the A204C coassemblies exhibit dis-
tinctly different dephasing profiles.

Interestingly, the REDOR curves also differ from those arising
from pentamers in the coassemblies with cross-linked hexamers
(SI Appendix, Fig. S1). While it is difficult to quantify dynamics
from these curves, given the complexity of the system, the
dephasing profiles of the pentamers clearly diverge from the
hexamer profiles beyond 4 ms of dephasing time. It is possible that
two different environments exist in the hexamers, a nearly rigid
one and a more dynamic one, while for the pentamers, the profiles
are consistent with a single nearly rigid-limit environment (S
Appendix). Further qualitative support for this interpretation is
provided by the cross-polarization and double cross-polarization
buildup curves (SI Appendix, Fig. S2). The 'H-'*C* DIPSHIFT
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atom CA model and presented in histograms. The
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experiments, in contrast, suggest that the backbone dynamics on the
nanosecond to microsecond timescale is similar for hexamers and
pentamers (Fig. 24). Taken together, the NMR data suggest that
the pentamers are more rigid than hexamers on the millisecond to
microsecond timescale, while on the faster microsecond to nano-
second timescale, similar local backbone motions are present.

The motions in wild-type hexamer and pentamer units were
further examined using all-atom molecular dynamics (MD) sim-
ulations. In particular, a 1.2-us MD trajectory of the entire conical,
fully solvated empty HIV-1 capsid (64,423,983 atoms) suggests the
presence of motions (39). Root-mean-square fluctuations (RMSF)
extracted from the MD trajectory for the pentamers exhibit lower
values, and thus pentamers appear more rigid than hexamers on
average (Fig. 2 B and C). The dynamics in the N-terminal domain,
especially in the CypA binding loop and helices 2, 3, 5, and 6, are
similar for hexamers and pentamers. The NTDs in hexamers and
pentamers are structurally very similar; however, pentamers ap-
pear more condensed than hexamers. In the structures of the CA
hexamers and pentamers (SI Appendix, Fig. S3), the average dis-
tances from the center of mass of the oligomer to every helix 4 are
36.6 A and 33.9 A, respectively. Similarly, the average distance
from the center of mass of the oligomer to every helix 10 in the
pentamer is 35.16 A, significantly smaller than 48.18 A, the value
for the hexamer. The more compact pentamer results in closer
contacts at the pseudothreefold interfaces in the CA lattice.

Thus, based on the NMR data shown in Fig. 24, we determined
that the cross-linked pentamers in the context of the cone-like
A204C/pentamer coassembly are more rigid than cross-linked hex-
amers in tubular or cone-like assemblies, on the microsecond to
millisecond timescale. Remarkably, the MD simulations also suggest
that the pentamers are more rigid than the hexamers in the context
of the conical capsid. Structurally, closer contacts at the pseudo-
threefold interface (2, 21) are present in the pentameric subunits,
and it may well be possible that the differing dynamics of hexamers
and pentamers play a role in capsid’s morphology and stability.

Conformational Changes in CA on TRIM5a CC-SPRY Binding: Mapping
the Interaction Interface. To investigate structural and dynamic
changes induced by TRIMSa binding, CA assemblies of cross-
linked hexamers were incubated with the CC-SPRY domain of
TRIMSa. Cosedimentation studies confirmed complex formation
(Fig. 1E, Left). Using cross-linked CA hexamers allowed us to
assess the interaction with TRIMS5a without disrupting the tubes
seen with wild-type CA assemblies (40), as shown in the TEM
image in Fig. 1E, Right. The resulting sample yielded well-resolved
MAS NMR spectra comparable in quality to those of assembled
CA tubes, shown above and previously (16, 17, 37). Using these
B3C13C and N-'3C correlation datasets, chemical shift perturba-
tions were detailed. Many changes were observed throughout the
spectrum, including chemical shift and peak intensity changes (Fig.
2 D-G). Interestingly, the 3C chemical shift perturbations were
relatively small (0.2-0.8 ppm; Fig. 2G), indicating that the sec-
ondary structure was not perturbed. A large number of changes in
peak intensities was also observed (Fig. 2F), likely associated with
changes in dynamics and/or the presence of multiple conforma-
tions. A significant number of resonances appear to sharpen upon
binding (Fig. 2F), suggesting a global rigidification. Notable con-
formational changes occur in the CypA loop and at the NTD-NTD
intrahexamer interface, as well as in the major homology region.
The CypA loop of CA is known to play an important role in
binding of retroviral cofactors (41) and has been hypothesized to
constitute an intermolecular interface with TRIMS5a and other
restriction factors in previous biochemical (35, 42), cryo-EM (26,
43), and NMR studies (17, 23). Here we observed a significant
number of conformational and dynamic differences in the CypA
loop and the connecting residues on binding of TRIMS5a (Fig. 3).
Specifically, R82, L83, and R100 peaks sharpen up in the
CC-SPRY/CA spectrum, suggesting less motion of the associated
hinge residues. Furthermore, resonances of residues residing in
the loop, such as 191, M96, and R97, exhibit reduced peak in-
tensities or missing intensities in the spectrum of the complex,
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Fig. 3. Structural changes in the CA NTD on TRIM5a CC-SPRY binding.
(A) Superposition of select regions of the '*C-'*C combined R2P-driven (CORD)
correlation spectra of free (gray) and TRIM5a CC-SPRY-bound (cyan) tubular
assembly of cross-linked CA hexamers. Affected resonances are labeled by
residue name and number. (B) Structural mapping of residues that experience
chemical shift changes (cyan) onto the CA structure (PDB ID code 3J34).

indicative of slowed dynamics (i.e., motions on the nanosecond
timescales are slowed down to microseconds to milliseconds). This
observation is similar to the results of previous studies, where
significant attenuation of dynamics in the CypA loop was observed
on CypA binding (17). Moreover, a small number of residues, such
as P99, exhibit two resonances, indicating the presence of two
conformations in the CA-TRIM5a complex, possibly associated
with binding of CC-SPRY to cis and frans proline conformers of
CA in the CypA loop, as seen in solution (44). The data reported
here provide atomic-level experimental evidence that motions of
residues of the CypA loop in assembled capsid are directly af-
fected by TRIMSa CC-SPRY binding. We note that the relevance
of the structural perturbations observed here is borne out by
previous biochemical and biophysical studies (23, 26, 35).

In addition, chemical shift changes are also observed for L6 and
MI10 resonances, which are associated with residues in the N-
terminal $1/B2 hairpin (residues 1-13). The presence of the p-hairpin
has been proposed to be an important feature in the assembly of the
mature viral core (45, 46) and may be exploited by TRIM5« as a
molecular recognition motif (47), although this hypothesis is cur-
rently debated. A recent study suggested that the TRIMSa B30.2
domain recognizes the capsid through the capsid’s trimeric in-
terface, conferring species-specific HIV-1 restriction activity (48).

Conformational Changes Remote from the Binding Interface. Interac-
tions of TRIMSa CC-SPRY with the CA assemblies also induce
conformational changes distal to the binding interface (Figs. 4 and
5). Numerous chemical shift changes are observed for residues at
the NTD-NTD intrahexameric interface (Fig. 4). In the crystal
structure of the cross-linked CA hexamer M39 and T58 engage in
intermolecular contacts (10), which appear to be perturbed upon
CC-SPRY binding. Many additional resonances associated with
interface residues, such as 1.20, P34, E35, 137, P38, and V59, are
affected as well. Mutations of these interface residues interfere
with viral infectivity (49) or result in noninfectious viruses (50).
Therefore, the observation of such allosteric perturbations upon
TRIMSa CC-SPRY binding may suggest unfavorable conse-
quences with respect to the integrity of the mature capsid core.
Other changes are seen for helix 7 residues, close to helix 2, which
may affect the relative positioning of these two helices (Fig. 4D).
Changes noted for the I15 resonance may reflect a reorientation
of helices 1 and 3, in line with previous reports on the importance
of residue I15 for accurate core assembly (45, 46).
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Fig. 4. Chemical shift perturbations on TRIM5a CC-SPRY binding and
structural mapping onto the CA hexameric building block at the NTD-NTD
interface. (A) Superposition of select regions in the '*C-"*C CORD correlation
spectra of free (gray) and TRIM5a CC-SPRY-bound (cyan) tubular assemblies
of cross-linked CA hexamers. Affected resonances are labeled with residue
name and number. (B and C) Top (B) and side (C) views of the CA hexamer
(PDB ID code 3J34) in ribbon representation. Residues whose C* or C resonances
are affected are colored cyan in one monomer and in magenta in a neigh-
boring monomer. (D) Expansion of the NTD-NTD interface, highlighting those
residues that experience chemical shift changes. Affected residues are shown
in stick representation and are labeled with residue name and number.

Discussion

Using an integrated experimental MAS NMR and computational
MD approach, we observed distinct dynamic signatures of cross-
linked pentamers in cone-like coassemblies with CA A204C. The
experimental NMR results indicate that cross-linked pentamers
are more rigid than hexamers in tubular and cone-like assemblies
on the microsecond to millisecond timescale. This finding agrees
well with the results from MD simulation showing that pentamers
fluctuate less than hexamers in the conical capsid. Furthermore,
our previous MD study revealed the presence of “surface waves”
on the capsid, dynamically connecting large regions of the capsid
(39). Such correlated motions may provide a path for allosteric
communication across the entire capsid and suggest that dynamic
properties may play a role in the HIV-1 capsid core structure
and stability. The reduced dynamics in pentamers may be a
consequence of the closer contacts at pentamer/hexamer vs.
hexamer/hexamer interfaces in the assembled capsid (2, 21).
Indeed, a recent cryo-electron tomography study suggested that
pentameric and hexameric capsid subunits expose different re-
gions of CA, allowing host cell factors to interact differentially
with the hexameric and pentameric subunits (21).

Based on our findings presented in this work, we hypothesize
that different dynamics may also play roles in molecular recogni-
tion. Our results show that on binding of the restriction factor
TRIMS5a to CA tubular assemblies, numerous effects on structure
and dynamics can be observed. In particular, we present direct
evidence that TRIMSa CC-SPRY induces global attenuation of
capsid motions, and that site-specific structural and dynamics
changes are not limited to the protein-binding interface but occur
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throughout CA. The latter finding suggests that TRIMS5a possibly
uses several mechanisms to influence the structure and stability of
the capsid core and ultimately its premature disassembly. Fur-
thermore, our results show that TRIM5a CC-SPRY interacts with
the CypA loop, attenuating its motions, which are known to be
correlated with HIV-1 infectivity (17). TRIMSa binding also affects
residues in critical assembly interfaces, including the NTD-NTD
and NTD-CTD intrahexameric interfaces and the CTD-CTD
interhexameric dimer interface, in accordance with the observa-
tion that TRIMSa does not bind appreciably to CA monomers
(51). Indeed, the mechanisms of capsid recognition by TRIMSa
involve higher-order capsid assembly (48, 26). While emerging
evidence suggests that dynamics may play a role in capsid function
(2, 15-18), in-depth atomic-level investigations of the relevant
timescales are needed to understand how dynamic allostery may
fine-tune infectivity. Thus, knowledge of the details of structural
changes induced by TRIMSa to destabilize the capsid is essential
and may guide the design of novel therapeutics.

Materials and Methods

Sample Preparation. Detailed protocols for expression and purification of
HIV-1 (A204C) CA, cross-linked (A14C/E45C/M184A/W185A) hexamers and
(N21C/A22C/W184A/M185A) pentamers, and TRIM5a CC-SPRY and the
preparation of the assemblies under study are given in S/ Appendix.

TEM. TEM analysis was performed with a Zeiss Libra 120 transmission electron
microscope operating at 120 kV. Assemblies were stained with uranyl acetate
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Fig. 5. Chemical shift changes observed for resonances associated with the

major homology region. (A) Superposition of select regions of the '3C-"3C
CORD correlation spectra of free (gray) and TRIM5a CC-SPRY-bound (cyan)
tubular assemblies of cross-linked CA hexamers. Affected resonances are
labeled with residue name and number. (B) Space-filling representation of a
trimer of hexamers in tubular CA assemblies (PDB ID code 3J34) with two CA
monomer chains at the interhexameric interface in ribbon representation.
Residues near the interface whose resonances are affected by TRIM5x CC-SPRY
binding are shown in magenta in one monomer and in cyan in the other
monomer. (C) CTD-CTD interface in the tubular CA assembly (PDB ID code
3J34). (D) Side view of the hexameric subunit in the tubular CA assembly (PDB
ID code 3J34), highlighting affected residues in the major homology region
(MHR) and neighboring residues. (E) Expansion of MHR with affected residues
shown in cyan stick representation.
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(2% wt/vol), deposited onto 400-mesh formval/carbon-coated copper grids, and
air-dried for 45 min. The copper grids were glow-discharged before staining, so
that the assemblies can spread uniformly on the grid surface and adhere to it.

NMR Spectroscopy. All samples were packed into Bruker 3.2-mm rotors. All 2D
13¢-"3C and ">N-'3C spectra were acquired on a Bruker 19.9 T spectrometer
operating at Larmor frequencies of 850.4 MHz ('H), 213.8 MHz (*3C) and 86.2
MHz (">N), with a Bruker 3.2 mm E-free HCN probe at a sample temperature
of 4 + 1 °C. Detailed of experimental conditions, data processing, analysis,
and numerical simulations are given in the S/ Appendix.

MD Simulations. The HIV-1 capsid, composed of 186 CA hexamers and 12 CA
pentamers, was embedded in a water box with 150 mM sodium chloride,
resulting in a simulation box of dimensions 70 nm x 76 nm x 121 nm, a total of
64,423,983 atoms, as described previously (2). HIV-1 subtype B, NL4-3 with the
A92E mutation, was used for all CA monomers. The CHARMM36 force-field
was used with the TIP3P water model at 310 K and 1 atm. Simulations carried
out in the present study used the r-RESPA integrator available in NAMD 2.10.
Long range electrostatic force calculations used the particle-mesh Ewald
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method, using a grid spacing of 2.1 A and eighth-order interpolation, with a
1.2-nm cutoff. The simulations were done using an integration time-step of 2 fs,
with nonbonded interactions evaluated every 2 fs and electrostatics updated
every 4 fs; all hydrogen bonds were constrained with the SHAKE algorithm.
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