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HIV-1 maturation involves conversion of the immature Gag poly-
protein lattice, which lines the inner surface of the viral mem-
brane, to the mature capsid protein (CA) lattice, which encloses
the viral RNA. Maturation inhibitors such as bevirimat (BVM) bind
within six-helix bundles, formed by a segment that spans the junc-
tion between the CA and spacer peptide 1 (SP1) subunits of Gag,
and interfere with cleavage between CA and SP1 catalyzed by the
HIV-1 protease (PR). We report solid-state NMR (ssNMR) measure-
ments on spherical virus-like particles (VLPs), facilitated by seg-
mental isotopic labeling, that provide information about effects
of BVM on the structure and dynamics of CA–SP1 junction helices
in the immature lattice. Although BVM strongly blocks PR-catalyzed
CA–SP1 cleavage in VLPs and blocks conversion of VLPs to tubular CA
assemblies, 15N and 13C ssNMR chemical shifts of segmentally labeled
VLPs with and without BVM are very similar, indicating that interac-
tion with BVM does not alter the six-helix bundle structure apprecia-
bly. Only the 15N chemical shift of A280 (the first residue of SP1)
changes significantly, consistent with BVM binding to an internal ring
of hydrophobic side chains of L279 residues. Measurements of trans-
verse 15N spin relaxation rates reveal a reduction in the amplitudes
and/or timescales of backbone N–H bondmotions, corresponding to a
rigidification of the six-helix bundles. Overall, our data show that
inhibition of HIV-1 maturation by BVM involves changes in structure
and dynamics that are surprisingly subtle, but still sufficient to pro-
duce a large effect on CA–SP1 cleavage.
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HIV-1 virions emerge from infected host cells in an immature
state, in which the inner leaflet of the viral membrane is

partially covered by a two-dimensional (2D) “immature” protein
lattice formed by the Gag polyprotein (1, 2). In the subsequent
maturation process, Gag is cleaved into its separate protein
subunits by the HIV-1 protease (PR). Gag cleavage proceeds
preferentially in a specific sequence (3–5), beginning with
cleavage between spacer peptide 1 (SP1) and nucleocapsid
protein (NC) segments, continuing with cleavage between matrix
(MA) and capsid (CA) protein segments and between spacer
peptide 2 (SP2) and p6 segments, and concluding with cleavage
between CA and SP1 segments and between NC and spacer
peptide 2 (SP2) segments. The final cleavage between CA and
SP1 releases CA proteins, which then self-assemble to form the
“mature” protein lattice of the capsid shell that encloses the viral
RNA within mature HIV-1 (6). Formation of the CA lattice within
a mature, infectious virion does not occur until CA–SP1 cleavage
(7). Therefore, inhibition of CA–SP1 cleavage by “maturation in-
hibitor” compounds is a promising strategy for treatment of HIV-1
infections (8–10).
Although disassembly of the immature protein lattice depends

on cleavage between CA and SP1, uncleaved CA–SP1 sponta-
neously self-assembles into the mature (not the immature) pro-
tein lattice in vitro, with the C-terminal 13-residue portion of CA
and the entire 14-residue SP1 segment being dynamically disor-
dered in this mature lattice (11). Thus, the immature protein

lattice that exists within HIV-1 before the final cleavage step by
PR is apparently a thermodynamically metastable state. To ex-
plain these observations, it was proposed (12–16) and sub-
sequently demonstrated (17–20) that a protein segment around
the CA–SP1 junction forms α-helices in the immature Gag lat-
tice, which in turn form six-helix bundles that act as an energetic
or steric barrier to disassembly of the immature lattice and
subsequent assembly of the mature lattice.
The first maturation inhibitor to be investigated in detail was

bevirimat (BVM), which was shown to prevent replication of
infectious virions by interfering with CA–SP1 cleavage (8, 9).
Experimental data from cryogenic electron tomography
(cryo-ET) of immature HIV-1 and virus-like particles (VLPs)
(17) and from electron diffraction of crystals formed by the
C-terminal domain of CA with SP1 (CACTD–SP1) (20) show that
BVM binds within six-helix bundles, but these data do not have
sufficient resolution to reveal atomic-level details of the BVM
binding site or to allow an atomic-level assessment of changes in
CA–SP1 conformation, structural ordering, or dynamics that
may arise from interactions with BVM.
In this paper, we use solid-state NMR (ssNMR) to investigate

effects of BVM on the structure and dynamics of the CA–SP1
junction in the immature HIV-1 protein lattice. Experiments are
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performed on VLPs formed by the HIV-1 Gag construct
ΔMA–CA–SP1–NC, which includes residues 1 to 15 and 100 to
132 of MA and the entire CA, SP1, and NC sequences (Fig. 1A).
The PR cleavage site is between L279 and A280. Previous work
has shown that ΔMA–CA–SP1–NC VLPs contain the full im-
mature lattice and are an appropriate model system for imma-
ture HIV-1 (2, 13, 17). For ssNMR, we prepare VLPs that are
15N,13C-labeled only in the C-terminal portion of ΔMA–CA–

SP1–NC, beginning with residue 266 of this construct (or residue
218 of the CA subunits). Segmental labeling eliminates ssNMR
signal contributions from the unlabeled N-terminal portion,
which includes structurally ordered segments of CA that would
otherwise have strong ssNMR signals and would therefore
complicate the interpretation of the data.
As presented below, by comparing data for VLPs with and

without BVM, we observe changes in certain ssNMR chemical
shifts and signal intensities upon BVM binding. These changes
suggest subtle modifications of the six-helix bundle but do not
indicate major structural changes. Additional measurements of
15N spin relaxation times indicate an overall rigidification of the
CA–SP1 junction helices, with the amplitudes and/or correlation
times of backbone amide N–H bond motions being reduced
upon BVM binding. The overall conclusion from our data is that
maturation inhibitors such as BVM induce relatively subtle
changes in the structure and dynamics of the CA–SP1 junction
helices in the protein lattice of immature HIV-1, but that these
changes are sufficient to inhibit CA–SP1 cleavage strongly.

Results
Inhibition of CA–SP1 Cleavage in VLPs with BVM. Fig. 1 compares
transmission electron microscopy (TEM) images of VLPs with
and without BVM after various periods of incubation with PR. Ini-
tially, both samples have the expected hollow spherical morphology

of the immature HIV-1 protein lattice (Fig. 1 B and C). VLP di-
ameters are ∼110 ± 20 nm for both samples, and no morphological
differences are observed. After only 30 min of incubation with PR,
VLPs without BVM are clearly disrupted and tubular assemblies are
observed (Fig. 1D). These tubular assemblies are morphologically
identical to HIV-1 CA tubes, which are known to contain the mature
HIV-1 protein lattice (21, 22). Tubular assemblies are more prevalent
after 210 min of incubation with PR, coexisting with apparently
amorphous aggregates (Fig. 1F). Hollow spheres are no longer ob-
served. In contrast, VLPs with BVM retain their initial spherical
morphologies after 60 min of incubation with PR (Fig. 1E). After
210 min of incubation with PR, the morphology of VLPs with BVM
is clearly distorted, possibly due to cleavage at SP1–NC and/or
MA–CA junctions, and distorted spheres coexist with apparently
amorphous aggregates. However, no tubular assemblies are observed
(Fig. 1G). After 48 h of incubation with PR, VLPs without BVM are
more fully converted to tubular assemblies (SI Appendix, Fig. S1A).
VLPs with BVM are primarily converted to amorphous aggregates
after 48 h, coexisting with a minor population of tubular assemblies
that constitute less than 5% of the total proteinaceous material in the
TEM images (SI Appendix, Fig. S1B).
Data in Fig. 1 and SI Appendix, Fig. S1 are consistent with the

known inhibition of CA–SP1 cleavage by BVM within the im-
mature HIV-1 protein lattice (8, 9). In addition, analysis of the
VLP/PR reaction mixtures by sodium dodecyl sulfate/poly-
acrylamide gel electrophoresis (SDS/PAGE) shows nearly com-
plete cleavage of ΔMA–CA–SP1–NC after 120 min in the
absence of BVM, but substantial protection of CA–SP1 in the
presence of BVM (SI Appendix, Fig. S2). The resistance of our
VLPs with BVM to PR-catalyzed cleavage validates our pro-
cedure for incorporating BVM into ΔMA–CA–SP1–NC VLPs.
Importantly, as shown in SI Appendix, Fig. S3, BVM does not

directly inhibit PR and does not protect unassembled HIV-1 Gag

Fig. 1. (A) Schematic representation of the ΔMA–CA–SP1–NC construct, showing the PR cleavage site and the isotopically labeled segment. (B–G) TEM images
of negatively stained ΔMA–CA–SP1–NC VLPs, prepared without BVM (B, D, and F) or with BVM (C, E, and G). Images were recorded after incubation with PR
for 0 min (B and C), 30 min (D), 60 min (E), or 210 min (F and G). The arrows in D and F indicate tubular assemblies, formed by CA after complete cleavage of
ΔMA–CA–SP1–NC by PR. Such tubular assemblies are not observed in E and G, indicating that BVM inhibits complete cleavage. Segmentally labeled ΔMA–
CA–SP1–NC was used in these PR cleavage experiments.
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from PR-catalyzed cleavage at the CA–SP1 junction (8). The
effect of BVM depends on the immature lattice structure.

Changes in ssNMR Spectra of VLPs Induced by BVM. For ssNMR
measurements, segmentally 15N,13C-labeled ΔMA–CA–SP1–NC
was produced with a split-intein–based method (SI Appendix,
Fig. S4 and SI Methods), similar to the method we have used for
segmental labeling of CA in earlier work (23). The labeled seg-
ment begins at C266 (the C-terminal end of helix H11 of CA)
and includes all of SP1 and NC. Most of the structurally ordered
segments of CA are unlabeled, thereby simplifying the ssNMR
spectra and allowing us to focus on the CA–SP1 junction.
To investigate structural changes induced by BVM binding,

2D ssNMR spectra were acquired under identical conditions for
segmentally labeled VLPs with and without BVM. 2D NCACX
and NCOCX spectra of both samples are shown in Fig. 2. Site-
specific assignments of ssNMR signals were obtained from these
2D spectra, as well as from three-dimensional (3D) NCACX and
NCOCX spectra of VLPs without BVM (SI Appendix, Fig. S6).
For VLPs without BVM, 15N and 13C chemical shift assignments
were obtained for residues 266 to 282, i.e., from the beginning of
the labeled segment in CA through the first three residues of
SP1, with no unassigned gaps. These assignments are shown in
Table 1, along with predicted backbone torsion angles from the
TALOS-N program (24). The predicted torsion angles indicate a
helical conformation in residues 274 to 281. The CA–SP1 junc-
tion helix may extend past residue 281 (Discussion), but the
absence of chemical shift assignments beyond residue 282
precludes a prediction.
The similarity of cross-peak positions in 2D spectra allowed us

to transfer the assignments for VLPs without BVM to VLPs with
BVM. Superpositions of the 2D NCACX and NCOCX spectra
(SI Appendix, Fig. S7) indicate the similarity of these spectra.
The 2D 13C–13C ssNMR spectra of both samples were also
obtained and are also similar aside from differences in overall
signal-to-noise ratios (SI Appendix, Fig. S8).

The 2D NCACX and NCOCX spectra also contain unassigned
signals, which are poorly resolved and/or relatively weak. These
signals are attributable to C-terminal portions of the SP1 seg-
ment and the NC segment. The NC segment was not observed to
form an ordered array in cryo-ET measurements by Schur et al.
(17) or in earlier electron microscopy studies of the immature
protein lattice (2, 7). Apparently, the NC segment is dynamically
disordered in the immature lattice. Nonetheless, weak signals
from the NC segment are expected if nuclear spin polarization
transfers in this segment are attenuated by molecular motions
but not fully quenched. Attenuated polarization transfers can
occur, for example, if motions in the NC segment are anisotropic
(leading to reduced but nonzero motionally averaged nuclear
magnetic dipole–dipole couplings) or if the motions are isotropic
but slow (i.e., timescales greater than 100 μs). The 2D 13C–13C
spectra (SI Appendix, Fig. S8) show stronger signals from resi-
dues outside the 266 to 282 range, including threonine and iso-
leucine signals that may arise from residues 291 to 294,
presumably because the 2D 13C–13C spectra do not involve
15N–

13C cross-polarization steps that are most sensitive to
molecular motions.
Significant differences in relative cross-peak intensities were

observed for certain residues. In particular, signals from residues
270 to 273 are weak or undetectable in 2D NCACX and
NCOCX spectra of VLPs with BVM, whereas signals from res-
idues 266 to 269 are relatively strong compared with the corre-
sponding signals in 2D spectra of VLPs without BVM (Fig. 3 A
and B). These differences in signal intensities most likely reflect
differences in amplitudes or timescales of local backbone mo-
tions (see below).
For the most part, chemical shift differences between VLP

sample with and without BVM are within the uncertainties of the
chemical shift measurements (typically ±0.2 ppm) and cannot be
considered significant. A significant difference in the chemical
shifts of assigned signals is observed only for the backbone amide
15N site of A280 (Fig. 3 C and D).

Fig. 2. The 2D NCACX (A and C) and NCOCX (B and D) ssNMR spectra of segmentally 15N,13C-labeled VLPs that were prepared without (A and B) or with (C
and D) BVM. Site-specific assignments of cross-peak signals for residues 266 to 282 are indicated, with numbering based on the ΔMA–CA–SP1–NC sequence.
One-dimensional slices at dashed purple lines are shown above the 2D spectra. Contour levels increase by successive factors of 1.3.
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In an earlier ssNMR study from our laboratory (19), chemical
shifts were reported for residues 266 to 289 in uniformly
15N,13C-labeled VLPs without BVM. For residues 266 to 273,
agreement with values in Table 1 is good, after correcting for
differences in chemical shift references. Chemical shifts for
residues 274 to 289 in the earlier study may be partially incorrect,
illustrating the difficulty of making unambiguous assignments
from congested 3D ssNMR spectra of a high–molecular-weight,
noncrystalline protein assembly without segmental labeling.

Changes in 15N Transverse Relaxation Rates Induced by BVM. To
further characterize dynamical differences, we measured trans-
verse spin relaxation times T1ρ and T2 for backbone amide 15N
sites, using 15N spin-locking and spin echo techniques. 15N re-
laxation times were detected through 1D 13C ssNMR signals
after 15N–

13Cα or 15N–
13CO polarization transfer, followed by

`13C–13C polarization transfer (i.e., NCACX or NCOCX de-
tection). Radiofrequency pulse sequences for these measure-
ments are shown in SI Appendix, Fig. S9 A and B. The decays of
the 15N magnetization due to transverse relaxation are plotted in
Fig. 4 A and B and are fit with single-exponential functions to
yield the T1ρ and T2 values. For VLPs with BVM, T1ρ is in the 12-
to 19-ms range, while T2 is in the 12- to 14-ms range. For VLPs

without BVM, T1ρ is in the 3- to 8-ms range, while T2 is in the 4-
to 8-ms range.
To interpret the relaxation data, we used a simple “diffusion-in-a-

cone” model, i.e., a model in which transverse spin relaxation is
driven by fluctuations in one-bond 15N–1H dipole–dipole couplings
due to random diffusional motion within a cone with half-angle
θ0 and with rotational diffusion constant Dw. As shown in SI Ap-
pendix, this model leads to theoretical expressions for T1ρ and T2
that depend on θ0, Dw, and the strengths of 15N spin-locking and 1H
decoupling fields employed in the experimental measurements (40
and 92 kHz, respectively). Expressions for T1ρ and T2 also depend
on the N–H distance, which we take to be 1.04 Å (25). Fig. 4 C and
D show plots of calculated T1ρ and T2 values as functions of θ0 and
Dw. A given value of the relaxation time can result from a contin-
uum of values of the two parameters. Nonetheless, the ranges of
parameter values that produce the experimentally observed re-
laxation times for VLPs with and without BVM are distinct and
nonoverlapping. Combinations of θ0 and Dw that are consistent with
data in Fig. 4 A and B are indicated by regions within dashed red or
dashed blue lines in Fig. 4 C and D. Although it is possible that
θ0 has the same value in both samples (e.g., θ = 25°), the values of
Dw would then be necessarily different, with Dw ∼ 160 rad2/ms for
VLPs with BVM and Dw < 80 rad2/ms for VLPs without BVM.

Table 1. NMR chemical shift assignments and backbone torsion angle predictions from TALOS-
N

Residue N CO CA CB CG CD, CE Side-chain N ϕ ψ

C266 110.5 175.1 59.2 27.8
110.4 175.2 59.1 27.9

Q267 125.2 173.0 58.9 28.9 33.2 178.4 58 ± 6 39 ± 7
125.2 173.1 58.8 28.8 33.2 178.4 112.7 −60 ± 6 −33 ± 8

G268 97.3 175.9 43.1 83 ± 17 0 ± 24
97.3 175.9 43.1 −88 ± 9 1 ± 9

V269 122.6 176.2 64.0 30.0 22.3, 21.1 −68 ± 8 135 ± 10
122.6 176.4 64.2 29.7 22.3, 20.9 −64 ± 7 136 ± 8

G270 118.1 174.1 44.4 84 ± 13 1 ± 9
174.0 44.2 90 ± 12 −4 ± 13

G271 107.9 170.7 44.1 145 ± 49 180 ± 13
107.9 43.9

P272 132.1 178.6 65.4 31.5 27.3 48.8 −57 ± 6 143 ± 8
31.2 27.0 49.0 −63 ± 6 148 ± 8

G273 109.8 46.2 94 ± 16 −4 ± 17
109.8 46.2 −69 ± 10 154 ± 18

H274 124.9 176.0 60.2 31.8 137.0 117.4 −65 ± 9 −36 ± 13
124.9 176.1 60.3 31.7 137.4 117.4 −58 ± 5 −38 ± 8

K275 116.6 59.5 31.6 24.3 28.6, 41.4 −69 ± 8 −36 ± 10
116.8 32.8 41.4 −63 ± 6 −39 ± 6

A276 118.7 177.5 54.3 18.4 −65 ± 5 −32 ± 10
118.4 177.5 54.4 18.5 −67 ± 6 −36 ± 5

R277 117.2 178.5 59.3 28.9 27.0 42.6, 158.9 71.8, 70.8, 83.3 −60 ± 25 −34 ± 20
117.3 178.9 59.2 29.0 26.8 42.7, 159.0 71.9, 70.6, 83.4 −66 ± 5 −38 ± 5

V278 114.7 64.7 30.6 20.9 −66 ± 6 −31 ± 9
115.1 178.8 64.6 30.4 20.8, 20.5 −65 ± 4 −37 ± 4

L279 122.5 177.3 57.6 40.7 −65 ± 6 −33 ± 9
122.5 177.3 57.6 40.8 28.0 −67 ± 5 −36 ± 6

A280 121.0 178.5 54.8 18.0 −64 ± 7 −29 ± 10
121.8 178.7 54.8 18.1 −65 ± 6 −34 ± 7

E281 115.0 178.6 58.9 28.8 −71 ± 11 −23 ± 16
115.2 178.8 59.0 28.8 −63 ± 6 −34 ± 5

A282 121.7 178.8 54.7 17.9
121.6 179.0 54.9 18.1

15N and 13C chemical shifts are in parts per million relative to liquid ammonia and DSS, respectively. Predicted
torsion angles ϕ and ψ are in degrees, with uncertainties reported by TALOS-N. For each residue, the upper row
contains values for VLPs without BVM. The lower row contains values for VLPs with BVM. Numbering of residues
is based on the ΔMA–CA–SP1–NC sequence.
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Alternatively, if Dw has the same value in both samples (e.g.,
Dw = 100 rad2/ms), the values of θ0 would then be necessarily
different, with θ0 ∼ 21° for VLPs with BVM and θ0 ∼ 30 ± 3° for
VLPs without BVM. Within the context of the diffusion-in-a-
cone model, binding of BVM causes either a reduction in the
amplitude of backbone N–H bond motions or a reduction in the
timescale of these motions.
For unrestricted, isotropic rotational diffusion, the orienta-

tional correlation time τc that appears in expressions for spin
relaxation is related to the diffusion constant by τc = 1=6Dw (26).
For diffusion-in-a-cone, three different correlation times τm
(with m = 1, 2, or 3) describe the decays of the three terms Cm
in the relevant correlation function (27). For θ = 25°, the m = 1
component makes the largest contribution to transverse spin
relaxation. Values of τ1 are ∼0.34 and 0.91 μs for Dw =
160 rad2/ms and Dw = 60 rad2/ms, respectively (SI Appendix).
As an additional characterization of backbone dynamics, we per-

formed measurements of motionally averaged 15N–1H dipole–dipole
couplings, using the dipolar/shift correlation (DIPSHIFT) method

(28–30) shown in SI Appendix, Fig. S9C. In these measurements,
15N spin polarization evolves under the 15N–

1H couplings during
incremented periods τLG of Lee–Goldburg 1H–

1H decoupling.
The decay and subsequent refocusing of the 15N polarization
within one magic-angle spinning (MAS) rotation period τR is
detected through 13C ssNMR signals after 15N–

13Cα and
13C–13C

polarization transfers. Data for VLPs with and without BVM are
plotted in Fig. 5A and compared with numerical simulations for
15N–

1H spin pairs. Provided that the motion of the N–H bond
direction is rapid compared to the MAS frequency, we
expect the DIPSHIFT data in Fig. 5A to show a motionally
averaged 15N–

1H dipole–dipole coupling that is scaled by
S = (3 cos2 θ − 1)=2, where the overbar indicates averaging over
orientations. For diffusion-in-a-cone, S = cos θ0(1 + cos θ0)=2.
From comparisons with simulations (Fig. 5B), best-fit values of
S are 0.94 ± 0.04 and 0.90 ± 0.05 for VLPs with and without
BVM, respectively, corresponding to values of θ0 equal to
16 ± 6° and 21 ± 5. Together, the combination of DIPSHIFT and
transverse relaxation data indicate that backbone motions in VLPs

Fig. 3. Ratios of cross-peak volumes in 2D NCACX (A) and NCOCX (B) ssNMR spectra of segmentally labeled VLPs prepared with BVM to the corresponding
cross-peak volumes in 2D spectra of VLPs prepared without BVM. Error bars are estimated from the signal-to-noise ratios in the 2D spectra. Cross-peak
volumes for VLPs with BVM are scaled to make the average cross-peak volume ratio equal to 1.0. Hollow symbols indicate that the cross-peak was below the
noise level in the 2D spectrum of VLPs with BVM. (C) 13C and 15N chemical shift differences between VLPs with BVM and VLPs without BVM, for Cα, Cβ, CO, and
backbone N sites. (D) Portions of 2D NCOCX spectra that show the difference in 15N chemical shift for A280. Contour levels increase by successive factors of 1.2.
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with BVM have reduced amplitudes and/or reduced corre-
lation times relative to backbone motions in VLPs without
BVM.
As shown in Fig. 4 A and B, the NCACX versions of 15N spin-

locking and spin echo measurements on VLPs without BVM
yield larger values of T1ρ and T2 than do the NCOCX versions. A
likely explanation for this observation is that the relaxation times
are orientation dependent (as expected from theory), and that
different orientations are favored in the 15N–13Cα and 15N–13CO
polarization transfers. The fact that 15N–13C cross-polarization
times in these experiments (4.0 ms) were comparable to 15N T1ρ
values observed for VLPs without BVM may make the orientation-
dependent effects more pronounced.

Data points in Figs. 4 A and B and 5 were obtained by in-
tegrating 13C ssNMR signals over the full range of aliphatic 13C
chemical shifts. The individual 13C spectra are shown in SI Appendix,
Figs. S10–S12. To within the precision of these measurements, we did
not observed differences in T1ρ or T2 values or in apparent S values
when signals were integrated over ranges that correspond to indi-
vidual peaks in the 13C spectra, indicating that the transverse 15N spin
relaxation times and motional amplitudes do not vary significantly
within protein segments that contribute to the ssNMR signals.

Discussion
Results from our cleavage assays (Fig. 1 and SI Appendix, Figs. S1
and S2) show that incorporation of BVM into ΔMA–CA–SP1–NC

Fig. 4. Measurements of 15N T1ρ (A) and T2 (B) relaxation times in segmentally labeled VLPs prepared with and without BVM, detected through 13C ssNMR
signals after NCACX or NCOCX polarization transfers. Pulse sequences for these measurements are shown in SI Appendix, Fig. S9 A and B. Color-coded solid lines are
single-exponential fits to the experimental data points, yielding the indicated T1ρ and T2 values. Error limits are SEs reported by the fitting routine. (C and D) Calculated
dependences of 15N T1ρ and T2 on the amplitude and rate of N–H bond motion, using theoretical expressions for transverse spin relaxation due to diffusion in a cone
with half-angle θ0 and orientational diffusion constant Dw. The dashed red lines enclose the ranges of parameter values that are consistent with experimental mea-
surements on VLPs with BVM. The dashed blue lines enclose the ranges of parameter values that are consistent with experimental measurements on VLPs without BVM.

Fig. 5. (A) DIPSHIFT measurements of motionally averaged backbone amide 1H–15N dipole–dipole couplings, detected through 13C ssNMR signals after NCACX po-
larization transfers. Data are shown for segmentally labeled VLPs prepared with and without BVM, scaled so that the average of the data points at τLG = 0.0 and τLG =
136.0 μs is 1.0. The solid and dashed curves are ideal simulations that correspond to 1H–15N bond distances of 1.04/S1/3 Å, where S is the scaling factor that results from
N–H bondmotions. The pulse sequence for thesemeasurements is shown in SI Appendix, Fig. S9C. (B) Dependence of the total squared deviation between experimental
data points and simulations, as a function of the value of S in the simulations. Squared deviations are scaled to make the minimum deviations equal to 1.0.
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VLPs has a clear effect on the resistance of VLPs to PR-induced
disassembly and on conversion of the immature Gag protein lat-
tice of VLPs to the mature protein lattice of tubular CA assem-
blies. These results are consistent with earlier work (8, 9), which
showed that BVM inhibits cleavage at the CA–SP1 junction,
thereby inhibiting disruption of the six-helix bundles formed by
CA–SP1 junction helices in the immature protein lattice. One
might expect there to be major changes in structure and dynamics
at the molecular level around the CA–SP1 junction that would
underlie this greatly enhanced resistance to cleavage by PR. How-
ever, ssNMR data presented above show that effects of BVM on
molecular structure and dynamics are rather subtle.
We do not see significant changes in 15N and 13C chemical

shifts that would indicate conformational changes between C266
and A282, with the notable exception of the backbone amide 15N
chemical shift of A280 (Fig. 3 C and D). Interestingly, PR
cleavage would occur between the carbonyl carbon of L279 and
the amide nitrogen of A280. The 15N chemical shift change at
A280 may then result from binding of BVM near the L279–A280
peptide bond. In the crystal structure of CACTD–SP1 solved by
Wagner et al. (18), in which CACTD–SP1 forms hexagonal units
that mimic the immature Gag protein lattice (Protein Data Bank
ID code 5I4T), this peptide bond is on the inner surface of the
junction helix bundle, at the level of an internal ring formed by
the side chains of the six copies of L279 within each bundle
(L231 in the numbering used by Wagner et al.). This internal
hydrophobic ring may be the binding site for BVM. In cryo-ET
measurements by Schur et al. (17) and electron diffraction
measurements by Purdy et al. (20), density attributable to BVM
was observed within junction helix bundles at the level of the
L279–A280 peptide bond. No changes in density attributable to
the junction helices themselves were reported. Thus, our ssNMR
chemical shift data are consistent with these earlier studies.
We speculate that binding of BVM to the internal hydro-

phobic ring created by L279 side chains prevents transient
unfolding of junction helices. Without transient unfolding of
junction helices, PR cleavage at the CA–SP1 junction cannot
occur, because the cleavage site is not accessible to PR when the
six-helix bundle structure is intact (18). We note that the
15N–

13Cβ cross-peaks of L279 are stronger in 2D NCACX and
NCOCX spectra of VLPs with BVM than in the corresponding
spectra of VLPs without BVM (Fig. 2 and SI Appendix, Fig. S13),
consistent with structural stabilization. Cross-peaks of V278 and
A280 are also somewhat stronger or sharper in spectra of VLPs
with BVM (SI Appendix, Fig. S13).
Purdy et al. additionally suggested that the side chain of K275

(K359 in their numbering scheme) interacts electrostatically with
the carboxyl group of bound BVM (20). We do not detect differences
in K275 side-chain signals in our 2D ssNMR spectra of VLPs with
and without BVM. From the existing ssNMR data, we cannot
determine the orientation of BVM relative to the junction helices.
Interaction with BVM does not cause an elongation of the

junction helices that is detectable in our ssNMR spectra. From
2D and 3D spectra of VLPs with and without BVM (Fig. 2 and
SI Appendix, Figs. S6–S8), we can assign ssNMR signals up to,
but not beyond, A282. The absence of an effect on the lengths of
junction helices is consistent with the binding site for BVM
suggested above, since binding to L279 side chains would not be
expected to stabilize helical conformations beyond A282. For
comparison, junction helices in the CACTD–SP1 crystal structure
of Wagner et al. extend to V286. However, residues 284 to 286 in
their structural model (Protein Data Bank ID code 5I4T, resi-
dues 236 to 238 in their numbering) lack side-chain atoms,
presumably reflecting structural disorder, and also lack helix–
helix contacts. Density derived from cryo-ET measurements on
VLPs with BVM by Schur et al. (Electron Microscopy Data Bank
file EMD-4018) apparently also extends to V286 but does not
have sufficient resolution to show distinct side chains. Thus, it

seems plausible that residues on the C-terminal side of A282 are
more disordered and partially dynamic, accounting for their
absence from ssNMR spectra.
Cross-peak intensities in 2D NCACX and NCOCX spectra of

VLPs with and without BVM are significantly different. Differ-
ences are plotted in Fig. 3 A and B and are also obvious in the 2D
spectra themselves (Fig. 2 and SI Appendix, Fig. S7). In partic-
ular, cross-peaks from G270, G721, and P272 are weak or absent
in 2D spectra of VLPs with BVM but are readily observed in 2D
spectra of VLPs without BVM. This observation may seem
surprising if one expects a general stabilizing effect from binding
of BVM. However, the junction helices begin after P272, as in-
dicated by torsion angle predictions from ssNMR chemical shifts
(Table 1) and previous structural studies (17–20). Thus, the weak
or absent cross-peaks for residues 270 to 272 in 2D spectra of
VLPs with BVM indicate a reduction in structural order (or
possibly a longer timescale for molecular motions) in the seg-
ment that immediately precedes the junction helices, but not in
the junction helices themselves.
Measurements of transverse 15N spin relaxation times (Fig. 4)

and 15N–
1H dipole–dipole couplings (Fig. 5) show that BVM

does indeed stabilize the six-helix bundle structure, in the sense
that the amplitudes and/or timescales of fluctuations in backbone
amide N–H bond directions are reduced in VLPs with BVM. A
quantitative analysis based on the diffusion-in-a-cone model
(Results) suggests that the amplitude of fluctuations may be re-
duced by 5 to 10° or the timescale of fluctuations may be reduced
by a factor of 3. Variations in 2D cross-peak intensities, discussed
in the preceding paragraph, suggest an opposite effect in resi-
dues 270 to 272. Because signals from these residues are weak,
they do not contribute to the transverse relaxation and dipole–
dipole coupling measurements. Thus, BVM appears to stabilize the
junction helix structure in VLPs but may destabilize the structure in
a short segment that immediately precedes the junction helices.
Finally, experiments described above illustrate the utility of

segmental isotopic labeling for enabling ssNMR measurements
that probe the structure and dynamics of specific, functionally
important segments within large, noncrystalline assemblies
formed by high–molecular-weight proteins. In these experiments
on VLPs, signals in 2D and 3D triple-resonance ssNMR spectra
arise primarily from a specific 17-residue segment of a 348-residue
protein, with other segments being either unlabeled or too dynamic
to contribute to the ssNMR spectra. The resulting spectral simpli-
fications allowed us to suggest a likely BVM binding site, rule out
major conformational changes induced by BVM binding, and
detect segment-specific effects on molecular motions. Further
developments in segmental labeling methods are likely to ex-
pand further the size and complexity of biomolecular systems that
are amenable to ssNMR methods.

Materials and Methods
Sample Preparation and ssNMR. Segmentally labeled ΔMA–CA–SP1–NC with
the amino acid sequence in SI Appendix, Fig. S4A was produced from His-
tagged fusing constructs, composed of residues 1 to 265 fused to the
N-terminal segment of intein DnaE from Nostoc punctiforme and residues
266 to 348 fused to the C-terminal intein segment, as shown in SI Appendix,
Fig. S4B. VLPs were prepared under conditions described previously (19).
ssNMR measurements were performed at 17.5 T (Figs. 2 and 4 and SI Appendix,
Figs. S6–S8, S10, and S11) and 14.1 T (Fig. 5 and SI Appendix, Fig. S12). MAS
frequencies were 12.00 and 7.00 kHz, respectively. Sample temperatures in ssNMR
measurements were 10 to 12 °C. Full experimental details are given in SI Appendix.

Data Availability. All 2D and 3D ssNMR spectra are available from Mendeley
Data at https://dx.doi.org/10.17632/gtn5jv7vnk.1.
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