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ABSTRACT: The orthoretroviral capsid protein (CA) assem-
bles into polymorphic capsids, whose architecture, assembly, and
stability are still being investigated. The N-terminal and C-
terminal domains of CA (NTD and CTD, respectively) engage
in both homotypic and heterotypic interactions to create the
capsid. Hexameric turrets formed by the NTD decorate the
majority of the capsid surface. We report nearly complete solid-
state NMR (ssNMR) resonance assignments of Rous sarcoma
virus (RSV) CA, assembled into hexamer tubes that mimic the
authentic capsid. The ssNMR assignments show that, upon
assembly, large conformational changes occur in loops
connecting helices, as well as the short 310 helix initiating the
CTD. The interdomain linker becomes statically disordered. Combining constraints from ssNMR and cryo-electron microscopy
(cryo-EM), we establish an atomic resolution model of the RSV CA tubular assembly using molecular dynamics flexible fitting
(MDFF) simulations. On the basis of comparison of this MDFF model with an earlier-derived crystallographic model for the
planar assembly, the induction of curvature into the RSV CA hexamer lattice arises predominantly from reconfiguration of the
NTD−CTD and CTD trimer interfaces. The CTD dimer and CTD trimer interfaces are also intrinsically variable. Hence,
deformation of the CA hexamer lattice results from the variable displacement of the CTDs that surround each hexameric turret.
Pervasive H-bonding is found at all interdomain interfaces, which may contribute to their malleability. Finally, we find helices at
the interfaces of HIV and RSV CA assemblies have very different contact angles, which may reflect differences in the capsid
assembly pathway for these viruses.

■ INTRODUCTION
The capsid of an infectious retroviral particle is formed by CA
during the maturation process.1 Despite limited sequence
similarity, all orthoretroviral CAs share a common tertiary
structure:1 they consist of independently folded NTD and
CTD,2−9 each comprising mostly α helices, connected by a
short and flexible linker. These CAs assemble into morpho-
logically distinct capsids in different retroviruses, presumably by
varying the basic curvature of the underpinning CA hexamer
array as well as the location of the CA pentamers required for
capsid closure.10,11 Although the structures of many retroviral
CAs have been determined,2,9 direct structural analysis of
authentic retroviral capsids at high resolution is extremely
challenging due to their inherent polymorphism.12−16 Con-
sequently, our knowledge of CA in the assembled states is
mostly derived from in vitro analysis. Specifically, HIV CA is

the most studied, and structures of its hexameric assemblies
were determined at atomic resolution.17−21 In addition, an
atomic-resolution model of isolated pentamers was obtained
with mutant HIV CAs.22 However, the dimer interface at helix
9 (H9) was disrupted in the mutant CA, depriving the model of
the intercapsomer connection. CA pentamers were identified in
T = 1 and 3 icosahedral particles assembled from RSV CA,23,24

and a pseudoatomic model of the RSV CA hexamer was
generated from crystallographic analysis.25 However, in neither
case is the resolution sufficient to determine the specifics of the
intermolecular contacts involved in assembly. Moreover, the
hexameric assemblies formed by the CAs of the N-tropic
murine leukemia virus7 and bovine leukemia virus26 adopt
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somewhat different quaternary arrangements from those of
HIV CA. As shown by coarse-grained (CG) simulations27−31

and experiments,32−34 subtle changes at the intermolecular
interface can have profound effects on capsid formation or alter
the assembly pathway. Therefore, high-resolution structural and
dynamical information is still needed to advance our under-
standing of orthoretroviral capsid assembly.
Aside from HIV CA, the 237-residue RSV CA is the most

studied retroviral CA. ssNMR has been used to characterize
various noncrystalline protein assemblies at a site-specific
level,35−44 including those formed by HIV CA.45−52 Similar to
HIV CA, RSV CA is twice the size of proteins routinely studied
by ssNMR. In phosphate buffers, RSV CA assembles into a
variety of structures that model the authentic capsid,32

including tubes composed of capsid hexamers. Specifically,
RSV CA tubes present an even tougher technical challenge for
ssNMR studies than HIV CA tubes, as the RSV CA sequence is
relatively enriched in the amino acids A, R, L, and P. In this
Article, we present accurate assignments of congested ssNMR
spectra that exploit the intrinsic correlation between NCACX
and NCOCX spectra. This approach will be applicable to
ssNMR studies of other large proteins. Combined with
different labeling strategies, we achieved nearly complete de
novo assignments of RSV CA (234 of 237 residues) in the
tubular assembly.
Site-specific assignments of ssNMR chemical shifts (CSs)

show that RSV CA can form tubes of various diameters with
little change in backbone structure. The largest perturbations in
CA structure and dynamics upon assembly are localized in the
loops between helices and the short 310 helix (residues 152−
158) that borders the major homology region (MHR, residues
157−175). The interdomain linker of RSV CA appears to be
statically disordered in the tubular assembly, in contrast to the
dynamic interdomain linker observed for HIV CA tubular
assemblies.49

Combining our ssNMR data with constraints derived from
X-ray diffraction25 and cryo-EM analyses, we obtained the first
atomic-resolution structural model of the RSV CA tubular
assembly by MDFF. Our model shows that the induction of
curvature into the hexamer array is associated with large
displacements at the NTD−CTD and CTD trimer interfaces.
The model also suggests that the CTD dimer and trimer
interfaces are intrinsically malleable, which may be a
consequence of the pervasive H-bonding identified at all
interfaces in the assembly. Hence, our modeling implicates the
variable displacement of the CTD as the cause of structural
polymorphism in RSV CA assemblies. In addition, helices at the
interfaces exhibit different contact angles in the planar and
tubular assemblies for HIV and RSV CA,20,21 which suggests
that they may asssemble via differing pathways.29 Combined,
our results provide valuable insights and intellectual guidance
for further biophysical and biochemical studies of the assembly
mechanism of retroviral CAs at a site-specific level.

■ MATERIALS AND METHODS
Methods for RSV CA protein expression and purification, as well as for
in vitro tube assembly, were adaptations of previously published
protocols,32 as described in the Supporting Information. Details of
transmission electron microscopy (TEM), ssNMR, and MDFF
simulations are given in the Supporting Information.

■ RESULTS AND DISCUSSION
Near-Complete Resonance Assignment Combining

Various Isotopic Labelings. RSV CA forms tubes of varying
diameter (40−190 nm) in phosphate buffer solutions. Thick
tubes (80−190 nm diameter, sample 1) were obtained when
the protein solution was concentrated to 20 mg/mL in one
step, before dialysis into phosphate buffer. Narrower tubes
(40−90 nm diameter, sample 2) were obtained when the
protein solution was concentrated to 20 mg/mL more gradually
prior to dialysis. TEM images of negatively stained specimens
are shown in Figure 1A and B. The tubes are multilayered, and

both samples exhibit considerable variations in tube diameter,
as shown in Figure 1C. Despite the broad size distribution, both
samples generate ssNMR spectra with sharp resonances
comparable to those of HIV CA assemblies.45,47−50 This
indicates that the tubes have a regular structure, consistent with
the periodicity apparent in the TEM images (inset, Figure 1A).
Uniformly 13C and 15N labeled RSV CA (U-CA) assembly
samples were prepared for NMR characterization. 3D NCACX,
NCOCX, and CANCO spectra of sample 1 were acquired for
sequential assignments, as listed in Table S1 in the Supporting
Information. All resonances in 3D NCACX spectra are well-
resolved, as shown in Figure 2B and C and Figure S1A. The
average line width is ∼0.6 ppm along the 13C dimension and
0.8 ppm along the 15N dimension, shown by the 1D slices in
the 2D NCA spectra in Figure 4A. However, 3D NCOCX
spectra along the 15N dimension between 116 and 120 ppm are
too congested for direct residue-specific assignments (RSA),
shown by the 2D planes in Figures 2A and S1A. To alleviate
signal congestion, sparsely labeled samples were prepared by
1,3-13C glycerol (1,3G-CA) and 2-13C glycerol (2G-CA)
expression.53 The spectra of these samples are less congested,

Figure 1. RSV CA tubular assemblies of various diameters. (A)
Negatively stained TEM image of an assembly sample with mostly
large tubes. The bottom left inset in (A) is the Fourier transformation
of the tubes in the image. It shows sharp and discrete spots that can be
indexed on a primitive hexagonal lattice. The dimensions of the lattice
(a = b = 9.6 nm) are consistent with known dimensions of the RSV
CA hexamers.25 (B) Negatively stained TEM image of an assembly
sample showing mostly narrower tubes. Panel (C) is the histogram of
the two samples shown in (A) and (B), colored in green and red,
respectively. The scale bars are 100 nm.
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with line widths comparable to those of the U-CA sample, as
shown in Figure S1B.
For proteins of comparable size and spectral quality,

sequential assignments of the majority (∼75%) of the residues
were previously achieved by connecting the RSA in 3D spectra
using a “backbone walk” process.47−51,53 The principle of the
backbone walk is illustrated in Figure S2, where resonances of
adjacent residues from T101 to G112 of RSV CA are connected
in a pairwise fashion by matching the protein sequence and the
signal transfer pathway in 3D spectra. However, because the
RSV CA sequence is enriched in residues such as A, R, L, and P,
even the NCOCX spectra of sparsely labeled samples are not
sufficiently resolved for unambiguous and accurate RSA, as
shown by Figure S1B. As a consequence, the number of
residues that could be sequentially assigned was limited to 82,
even when employing the computer-automated sequential
assignment program MCASSIGN2.54 In fact, accurate RSA in
congested spectra is a universal challenge for ssNMR studies of
large proteins.
To resolve this issue, we exploit the intrinsic correlation

between NCACX and NCOCX spectra to enhance the
efficiency and accuracy of RSA. Normally, owing to the
relatively large Cα CS dispersion (∼25−30 ppm), resonances
in NCACX spectra are better resolved than those in NCOCX
spectra, as shown in Figures 2 and S1. Although all carbons in
the same residue are correlated with a different amide nitrogen
in NCACX and NCOCX spectra, they exhibit identical carbon
resonances in both. Therefore, the well-resolved NCACX
spectra can be used to guide the RSA of the congested
NCOCX spectra. The implementation of this strategy is shown
in Figure 2. As shown in Figure 2A, a large number of
resonances are present at CO = 176.4 ppm (vertical axis) in the
extracted 15N = 119.1 ppm plane of the NCOCX spectra.

Among all Cα resonances (signals higher than 50 ppm) at this
CO frequency in this 15N plane, we focus on assignment of the
Cα signal at 61 ppm. What needs to be determined is which of
the side-chain carbons (signals lower than ∼45 ppm) arise from
the same residue. Without additional constraints, the problem
is intractable as there are too many candidates due to the
congested signals. However, the intraresidue correlation
between all carbons is recorded in NCACX spectra. Therefore,
the side-chain carbon signals for the 61 ppm of Cα resonance at
CO = 176.4 ppm in the 15N = 119.1 pm plane of the NCOCX
spectra can be identified unambiguously by inspecting the Cα =
61 ppm plane of the NCACX spectra, which is well-resolved, as
shown in Figure 2B. By inspection, only resonances at 44.5,
30.4, and 27.8 ppm along the 15N = 115.8 ppm slice of the 13Cα
= 61 ppm plane in NCACX spectra exhibit a correlation with
the CO resonance at 176.4 ppm. This suggests that these
resonances arise from the same residue with the Cα signal at 61
ppm and CO signal at 176.4 ppm. Inspection of the
corresponding 15N = 115.8 ppm plane of NCACX spectra
confirms this intraresidue correlation, as shown in Figure 2C.
The residue is assigned as an R according to the characteristic
resonances of amino acids. With this approach, the accuracy
and certainty of RSA were greatly improved, and the
sequentially assigned residues were increased to 128. This
strategy is quite general and could be applied to achieve RSA of
other proteins with congested 3D ssNMR spectra.
Further improvement of the sequential assignments requires

the discrimination of similar residues to reduce ambiguity in
RSA. Two samples were prepared with selective 13C and 15N
labeling of either all L or all R residues. This helped resolve the
ambiguity between R, L, P and K, as shown in Figure 3A and B.

Subsequently, the program MCASSIGN2 was used to automate
sequential assignments on the basis of the refined RSA.54 The
uniqueness and correctness of the assignments were evaluated
by comparing 50 independent sequential assignment results, as
shown by Figure S3A. In summary, 197 residues were
sequentially assigned with 100% consistency. Another 23
residues were assigned with <100% consistency due to similar

Figure 2. Assignments of congested NCOCX by exploiting well-
resolved NCACX spectra. (A) The 15N = 119.1 pm plane of the
NCOCX spectra is highly congested, with a large number of
resonances at CO frequency (vertical axis) 176.4 ppm, indicated by
the horizontal dashed line. Panels (B) and (C) are the aliphatic and
CO regions of the better resolved 13C = 61 ppm and 15N = 115.8 ppm
planes of the NCACX spectra, respectively. They reveal intraresidue
correlations between carbons and Ca of 61 ppm resonance in (B) or
with the amide nitrogen of 115.8 ppm in (C). By inspection, only
resonances at 44.5, 30.4, and 27.8 ppm are present in both NCACX
and NCOCX spectra and correlated with CO = 176.4 ppm and Ca =
61 ppm. Therefore, they are assigned as an R according to the
characteristic resonances of amino acids.

Figure 3. (A) 2D NCACX spectra of the RSV CA tubular assembly
sample with 13C, 15N labeling at all L residues and R residues in (B).
Spectra acquired at 14.1 T with MAS at 13.5 kHz. The spectra were
recorded with 50 ms dipolar-assisted rotational resonance (DARR)
mixing to generate the cross-peaks and processed with 30 Hz Gaussian
broadening along each dimension.
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resonances and residue types. However, this inconsistency does
not influence structural inferences based on the assignments.
Moreover, two sets of resonances were found for both T207
and Q158 (the latter located in the middle of MHR), but only
one set of signals were sequentially assigned, as shown in Figure
S3B and C. There are another five residues (P91, R145, P149,
P152, and L180) with weak or missing signals in either
NCACX or NCOCX, which lead to reduced consistency in
assignments as shown in Table S2.
Only rigid segments contribute to these spectra, because

anisotropic dipolar interaction was employed to record spatial
correlations between atoms. Conversely, scalar interactions can
be utilized to selectively visualize dynamic segments, and hence
an INEPT-TOBSY spectrum of the U-CA sample was
recorded,55 as shown in Figure S3D. Seven residues were
identified in this spectra, and their CSs indicate random-coil
conformation. Their residue types coincide with the last seven
residues of the protein, and given the remaining assignments,
these signals must originate from this region.
Collectively, we sequentially assigned 234 residues of the

237-residue RSV CA, as shown by Table S2. Three residues
(A150, A229, and P230) are missing in all NMR spectra. Given
the proximity of A229 and P230 to the flexible C-terminus, it is
very likely that their dynamics falls in the invisible intermediate
regime. Considering the rigidity of its adjacent residues, the
absence of A150 is probably associated with static structural
disorder which causes diminished resonance intensity.
Site-Specific Changes of Local Structures and

Dynamics upon Tubular Assembly. The narrow line
width and uniqueness of the assignments for most of the
residues indicate that RSV CA adopts a uniform structure, in
spite of the varying diameter of the tubes in the sample.
Furthermore, comparison of samples 1 and 2 informs us about
the correlation between molecular structure and the curvature
of RSV CA hexameric lattice, as their average tube diameters
differ by a factor of 2, as shown in Figure 1E. Although detailed
interpretation must await the sequential assignments of sample
2, overlay of the 2D NCA spectra shows identical resonances
and line widths for nearly all α carbon and amide nitrogen
nuclei, as shown in Figure 4A. This suggests that large tubular
curvature variations cause little significant perturbation of the
secondary structure and dynamics of RSV CA, as previously
observed for HIV CA assemblies.47,52

Regions experiencing local structural perturbation upon
assembly can be identified by comparing the RSV CA CSs in
the tubular assembly with those in the soluble state.2 The
residue specific ΔCS values are shown in Figures 4B and 6A,
and the overall distribution of these values in Figure S3E.
Overall, 147 residues out of the 237-residue protein display
ΔCS ≤ 0.5 ppm. On the basis of our assignments, quantitative
dynamics and secondary structural information at a site-specific
level was derived using program TALOSN,56 shown in Figure
4C. As a comparison, the TALOSN prediction based on
solution NMR CSs of monomeric RSV CA is shown in Figure
S4B,2 which gave excellent agreement with the experimental
values2 and validates the procedure. TALOSN also predicts the
change of torsion angles upon assembly, at a site-specific level,
shown in Figure S4A. Collectively, the analysis suggests that
RSV CA retains nearly identical secondary structures and
dynamics upon assembly, as previously observed for HIV
CA.47−52

Nonetheless, the analysis highlights large local structural
rearrangements upon assembly in four regions. First, large

changes are observed at the N-terminus. Unfortunately,
meaningful comparison of the solution and ssNMR data in
this region is impossible, as the solution NMR observations
were made on a CA variant carrying an N-terminal
polyhistidine tag. The presence of the tag disrupts formation
of the naturally occurring β-hairpin structure57 that is critical for
assembly. The TALOSN predictions demonstrate that this
region forms a structured β-hairpin in the tubular assembly,
similar to HIV CA.21,22,58,59 Second, the long loop between
helices H4 and H5 displays a large change of torsion angles,
shown in Figure S4A, but retains its high mobility in the
assembled state. Third, the interdomain linker (residues 147−
151) undergoes both a large change of torsion angles and an

Figure 4. Dynamics and secondary structure of the tubular RSV CA
assembly derived from ssNMR assignments. (A) Assignments of the
2D NCACX spectrum of the tubular assembly of the U-CA. 1D slices
at the denoted positions along 13C and 15N positions are shown at the
bottom and right. The red spectrum was recorded with the sample
showing tube diameter between 40 and 80 nm, with the histogram of
the tube diameter colored in red in Figure 1E. The spectrum was
acquired with 2.5 ms DARR mixing and 13.5 kHz MAS at 21 T. The
blue spectrum was recorded with the sample showing tube diameter
between 80 and 190 nm, with the histogram of the tube diameter
colored in green in Figure 1E. The spectrum was acquired with 6 ms
DARR mixing and 13.5 kHz MAS at 14 T. Spectra were processed
with 40 Hz exponential and 60 Hz Gaussian broadening functions
along both dimensions. (B) Chemical shift differences of Ca (green)
and amide nitrogen (red) sites of RSV CA in the tubular assembly and
the soluble state. (C) Site-specific dynamics and secondary structure of
the RSV CA tubular assembly derived from our NMR assignments by
TALOSN. Residues in β strand, random coil, and α helices are colored
blue, green, and red, respectively. The height of the bar represents the
S2 order parameter. Residues with S2 < 0.6 are highly dynamic.
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attendant loss of flexibility. This loss of dynamics agrees with
the observation of weak or missing signals for residues R145,
P149, A150, and P152 in 3D spectra. Collectively the data
indicate that the RSV CA interdomain linker adopts statically
disordered states in the final tubular assembly, associated with
variations in the relative positioning of the CTDs and NTDs.
Finally, the 310 helix that initiates the CTD also exhibits large
changes in torsion angles and acquires α helical character upon
assembly, as shown in Figures 4C and S4A.
The structural perturbations that accompany RSV CA

assembly differ in several notable ways from those that
accompany HIV CA assembly. First, the β-hairpin in the RSV
CA tubular assembly exhibits a rigidity comparable to the α
helices in the body of the protein, while that in the HIV CA
tubular assembly appears more flexible.49 Second, in contrast to
the statically disordered interdomain linker in RSV CA, this
linker region was shown to be mobile in the HIV CA tubular
assembly by ssNMR dipolar tensor measurements.49 This is in
agreement with our TALOSN prediction based on the CS of
HIV CA, as shown in Figure S4C. Third, while the 310 helix
preceding the MHR in HIV CA also undergoes large structural
rearrangements upon tubular assembly, it becomes more
extended46,47,50 and does not acquire α helical character, as it
does in RSV CA.
Derivation of a Hybrid Structural Model by MDFF.

MDFF Model Construction. As shown in Figures S4A and 4B, a
number of additional regions exhibit large changes in predicted
torsion angles, most of which are the loops linking adjacent
helices. To better understand the implications of these changes,
an assembly model comprising seven hexamers on the tube
surface was constructed by MDFF simulations that combine
ssNMR constraints with cryo-EM data, as shown in Figures 5

and 6. Complementary to the torsion angles derived from
ssNMR CS, the cryo-EM image reconstruction of an RSV CA
tube at 24 Å resolution60 determines the approximate locations
of individual protein domains in the assembly, as shown in
Figure 5. The pseudoatomic model of the RSV CA hexamer
derived from crystallographic analysis (PDB entry 3TIR) was
used as the initial structure in our MDFF simulations, and
domain restraints on each NTD hexamer and CTD dimer were
applied in the early stages of the simulations (see Supporting

Information) to preserve the internal conformations of each
domain as well as the NTD−NTD and CTD−CTD dimer
interfaces. These domain restraints were removed in the last 5
ns of the MDFF simulation to allow further relaxation of the
domain conformations under only the restraints imposed by
the cryo-EM density map and the NMR CS data. Figure 6A
shows a CA monomer in our final model. When compared to
the monomer structure defined in 3TIR, the 42 monomers in
our final model have RMSD (Cα atoms) values ranging from
3.4 to 4.5 Å. In contrast, the 42-monomer conformations share
a higher degree of similarity among themselves: when
compared to the average conformation over all the monomers,
the average RMSD of the individual monomers is 1.5 Å, which
is smaller than the value of 2.6 Å for the model of HIV CA
tubular assembly (PDB entry 3J34)20 obtained with a cryo-EM
map at much higher resolution.

MDFF Model Validation. The final model shows that the
RSV CA tube is stabilized by four intermolecular interfaces,
similar to those previously identified in RSV and HIV CA
assemblies,19,20,22−25,58 as shown in Figure 6C−F. The NTD−

Figure 5. Atomic model obtained from MDFF displayed along with
the cryo-EM electron density map. (A) Seven hexamers on the tube
surface. (B) Side view of a single hexamer, with each of the six
monomers shown in a different color. (C) Top view of the central
hexamer with its six neighbors partly shown.

Figure 6. Structural model of the RSV CA tubular assembly. (A)
Monomer of the RSV CA in the tubular assembly. The left is color
coded according to the backbone dynamics (from red to blue for rigid
to mobile), and the right is color coded according to largest changes of
the backbone (Ca, N, CO) ΔCS of each residue (from yellow to red
for the least to the largest changes), indicating changes of backbone
structure relative to that in the soluble state. (B) RSV CA hexamer
with adjacent subunits on the tube, color coded in the same manner as
the left panel of (A). (C−F) Close-up views of the NTD−NTD,
NTD−CTD, dimeric, and trimeric interfaces, respectively. Only those
helices involved in close contacts are labeled. Backbones are color
coded in the same manner as the left panel of (A). Residues inferred at
close contact at each interface are shown in stick mode.
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NTD interface, involving the first three helices of CA, bundles
NTDs together into individual hexamers, which are further
stabilized by the NTD−CTD interface between helix H4 of
each NTD and helices H8 and H11 from the CTD of the
neighboring subunit within the hexamer. The CTDs sit below
the NTD-hexamers and form dimeric (helix H9) and trimeric
(helices H10 and H11) interactions with their immediate
neighbors, thereby creating the hexamer lattice.
Close inspection of the interfaces in the MDFF model shows

that the interacting residues exhibit large CS changes upon
assembly, summarized in Table S3. This consistency is
highlighted by Figure 6C−F, color coded according to the
maximum backbone ΔCS (Cα, CO, N) of each residue.
Furthermore, the interfaces in our model agree with prior
genetic and structural analyses of RSV CA assembly. In Figure
6C, A38 is located right in the center of the three-helix bundle
of the NTD−NTD interface. Its mutation to V with a longer
side chain will enhance the binding between all the hydro-
phobic residues surrounding this interface, which agrees with
the observed promotion effect of A38 V mutant.34 The NTD−
CTD interface consists of the capping of G63 and A64 at H4 by
N169 and I172 at H8. This is consistent with earlier reports
that mutations of residues around this interface, such as L171
V, R170Q, and F167Y, are detrimental to core formation and
infectivity, some of which can be restored by a second mutation
at the NTD, such as P65Q.33,34 Moreover, the N169 side chain
forms H-bond with the backbone amide group of A64, shown
in Figure S7B, exactly as previously predicted from low-
resolution crystallographic analysis.25 The dimer interface is
stabilized by interactions between D191 and V188 across
neighboring H9 and L180, and those between W153, L180, and
V188, as well as two A184 facing each other, as shown in Figure
6E. This description matches with a previous crystallographic
structure of the dimer61 and is consistent with recent
mutagenesis results that show mutations of W153, L180, and
V188 are detrimental to both in vivo viral core formation and in
vitro capsid assembly.62

Because the overall CS differences associated with tubular
assembly of CA are quite small, it is important to establish that
the ssNMR constraints actually impart meaningful information
to the final model. To address this issue, we repeated the
MDFF simulations, replacing the torsion angles derived from
ssNMR of the tubular CA assembly with those for soluble RSV
CA. Overall, the final model obtained using solution NMR
constraints exhibits 3.074 Å RMSD from the model obtained
with our ssNMR constraints. However, we find large differences
in the intermolecular interfaces that contradict prior exper-
imental observations, indicating that the model is incorrect. For
example, helix H9 forms a large crossing angle at the dimer
interface, as shown in Figure S6A. This places residues A184 at

a distance of 8.5 Å from each other, in disagreement with the
high-resolution crystal structure of the dimer.61 Moreover, the
model obtained using solution NMR constraints does not
exhibit consistent contacts at the NTD−CTD interface. In
addition, a number of contacts present in the model obtained
with ssNMR constraints are absent in the model obtained using
solution NMR constraints, including those between W153,
V188, and L180, which were confirmed to be critical for both in
vivo and in vitro capsid assembly.62 Collectively, this suggests
that the few localized regions experiencing large ΔCS upon
assembly identified in ssNMR data do transmit critical
structural information and inform the 3D model of the
assembled state.

MDFF Model Predictions: Induction of Curvature, Poly-
morphism, and Differences between HIV and RSV CA
Assemblies. The mechanism for induction of curvature into
the hexamer array is suggested by comparing the MDFF model
of the hexamer tubes with the crystallographic model of the
hexamer sheets.25 The induction of curvature requires
reconfiguration of intermolecular interfaces, because the planar
array has exact hexagonal symmetry, which must be relaxed to
create the tube. Table 1 summarizes the crossing angles of
contacting helices at interfaces in the RSV planar assembly
(PDB ID: 3TIR)25 and our tubular model. Considering the
mean crossing angles, the NTD−CTD and CTD trimer
interfaces differ significantly in the two assemblies, while the
NTD−NTD and CTD−CTD dimer interfaces are relatively
conserved. Additionally, we calculated the variance in the
crossing angles for the interfaces in the MDFF model (Table
1). The NTD−NTD interface exhibits relatively small
variations. In contrast, the variances observed for the CTD
dimer and CTD trimer interfaces are 3−4-fold larger.
Collectively these observations suggest that lattice curvature
arises almost entirely from the variable displacement of the
CTDs that surround each hexameric turret, as well as that
CTD−CTD dimerization and trimerization interfaces involved
in connecting the turrets are somewhat plastic. It is important
to note that the 310 helix that initiates the CTD undergoes
some assembly-dependent reconfiguration, and hence the CTD
does not function as an entirely rigid entity.
The ability of the interfaces to reconfigure may be explained

by the pervasive hydrogen-bonding interactions observed at the
interfaces in the MDFF model, as shown in Figure S7. This is
consistent with prior structural analysis of HIV CA hexamer
arrays.21 Within the NTD−CTD interface, we highlight the
formation of a hydrogen bond (H-bond) between the N169
side chain and the backbone amide group of A64, as shown in
Figures 6D and S7B. No explicit H-bond involving N169 was
present in the model that initiated our MDFF simulations.
However, this H-bond was predicted to occur based on

Table 1. Crossing Angles of Helices at Each Interface (Angles were measured in pymol by anglebetweenhelices.py script;
standard deviations were calculated by averaging all subunits in the model)

angle RSV CA tube, this work RSV CA flat sheet, 3TIR.pdb HIV CA tube, 3J34.pdb HIV CA flat sheet, 4XFX.pdb

H1 and H2 146.2° ± 2.3° 158.9° ± 0° 152.6° ± 5.5° 149.5° ± 0°
H2 and H3 157.4° ± 1.7° 152.9° ± 0° 145.0° ± 6.6° 138.0° ± 0°
H4 and H8 85.7° ± 4.3° 35.6° ± 0° 74.8° ± 9.2° 71.5° ± 0°
H9 and H9 61.2° ± 6.2° 52.9° ± 0° 68.6° ± 11.8° 66.2° ± 1.1°
H10 and H11 156.3° ± 7.3° 130.0° ± 26.9°a 148.8° ± 22.8° 148.7° ± 17.4°a

H10 and H10 65.8° ± 5.4° 52.3° ± 0° 39.9° ± 14.3° 62.3° ± 0°
aThere are three pairs of H10 and 11 at each trimer interface. They do exhibit different crossing angles, but the crossing angles between the same
pair of H10 and 11 at different trimer interface in the crystal model are identical.
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crystallographic analysis of domain motions observed in the
planar hexamer array.25 The CTD−CTD dimer interface is very
similar to that observed in the low-pH crystal structure of the
dimer (PDB entry 3G21),61 with only 2.938 Å RMSD from
3G21. However, the H-bond between D179 and D191 in 3G21
is disrupted in our model, due to the deprotonation of the side
chains, as shown in Figure S6B.
We applied the same interface analysis to HIV CA hexamers,

arranged in planar arrays (PDB entry 4XFX) and tubular
assembly (PDB entry 3J34),20,21 as shown in Table 1. Similar to
RSV CA, HIV CA assemblies have a well-conserved NTD−
NTD interface, which does not change significantly between
tube and sheet and shows relatively low variance in helical
crossing angles in either case. The most striking difference
between RSV and HIV CA occurs at the NTD−CTD interface,
where transition from sheet to tube is associated with virtually
no mean change in crossing angle for HIV and a very large
mean change for RSV. This may reflect the relative paucity of
direct contacts at the NTD−CTD interface in RSV. The mean
helix crossing angles at all interfaces differ between HIV and
RSV CA, which may have implications for assembly. Recent
coarse-grained simulations of HIV CA assembly showed that a
10° variation of the crossing angles altered the balance of
assembly intermediates, shifting the predicted HIV CA
assembly pathway from trimer-dominant to tetramer-domi-
nant.29,30

■ CONCLUSION

In this Article, we demonstrate the NMR assignment strategy
correlating signals seen in NCACX and NCOCX experiments
to enable accurate RSA of relatively large proteins. When
combined with nonuniform labeling strategies, we achieved
near-complete assignments of the 237-residue RSV CA in the
tubular assembly. Localized structural perturbations upon RSV
CA assembly are concentrated in the loops between helices, the
interdomain linker region, and the 310 helix preceding the
MHR. MDFF simulations were used to develop a structural
model for the tubular assembly, effectively combining the
ssNMR data with cryo-EM based constraints. The MDFF
model shows that the induction of curvature into the hexamer
array is associated with structural rearrangements at the NTD−
CTD and CTD trimer interfaces. In addition, the model
suggests that the CTD−CTD dimerization and trimerization
interfaces are inherently malleable, perhaps due to the pervasive
H-bonding observed at these interfaces.
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