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ABSTRACT: Maturation of HIV-1 requires disassembly
of the Gag polyprotein lattice, which lines the viral
membrane in the immature state, and subsequent assembly
of the mature capsid protein lattice, which encloses viral
RNA in the mature state. Metastability of the immature
lattice has been proposed to depend on the existence of a
structurally ordered, a-helical segment spanning the
junction between capsid (CA) and spacer peptide 1
(SP1) subunits of Gag, a segment that is dynamically
disordered in the mature capsid lattice. We report solid
state nuclear magnetic resonance (ssNMR) measurements
on the immature lattice in noncrystalline, spherical virus-
like particles (VLPs) derived from Gag. The ssNMR data
provide definitive evidence for this critical a-helical
segment in the VLPs. Differences in ssNMR chemical
shifts and signal intensities between immature and mature
lattice assemblies also support a major rearrangement of
intermolecular interactions in the maturation process,
consistent with recent models from electron cryomicro-
scopy and X-ray crystallography.

n immature HIV-1, the inner leaflet of the viral membrane, is

lined by a quasi-hexagonal two-dimensional lattice com-
posed of ~5000 copies of the Gag polyprotein." Maturation of
HIV-1 involves an ordered sequence of proteolytic cleavages of
Gag,” releasing separate matrix (MA), capsid (CA), nucleocap-
sid (NC), and p6 proteins, as well as “spacer peptides” that
connect CA to NC (SP1) and NC to p6 (SP2). Cleavage at the
CA-SP1 junction is thought to be the final step that permits
disassembly of the immature Gag lattice and assembly of the
CA lattice of the characteristic conical capsid,3 which encloses
viral RNA in association with NC within mature, infectious
HIV-1.

Blockage of CA-SP1 cleavage by site-directed mutations* or
by drugs known as maturation inhibitors,” such as bevirimat,
prevents conversion of the immature Gag lattice to the mature
CA lattice. Yet, in vitro, uncleaved CA-SP1 spontaneously self-
assembles into the mature (not the immature) lattice structure,
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with the last 12 residues of CA and all 14 residues of SP1
forming a single, dynamically disordered C-terminal tail.>
These observations support the idea that all or part of this 26-
residue segment around the CA-SP1 junction (residues 220—
245 of CA-SP1, or CA-SP1,,q_,,s) is structurally ordered in the
immature lattice, in a manner that locks the immature lattice in
place as a metastable state until CA-SP1 cleavage occurs.”
Biophysical studies suggest that a segment within CA-
SP1,0_4s (equivalent to residues 352—377 of Gag) may
adopt an a-helical conformation in the immature lattice.”
Electron cryomicroscopy (cryoEM) images of immature HIV-1
show protein density consistent with a helical structure.” Very
recently, a construct comprised of the C-terminal domain of
CA and SP1 (CTD-SP1) has been crystallized into an
immature-like lattice in which residues 225-238 form
hexameric a-helical bundles."’

To investigate the CA-SP1,,y_,45 structure in the context of
immature, spherical, virus-like particles (VLPs), we performed
solid-state nuclear magnetic resonance (ssNMR) measurements
on a 348-residue Gag construct (38.5 kDa) that contains
residues 1—15 and 100—132 of MA and all of CA, SP1, and NC
(AMA-CA-SP1-NC). CryoEM studies of these VLPs have
shown that the AMA-CA-SP1-NC lattice recapitulates the Gag
lattice in immature HIV-1."7%"° All ssNMR measurements were
performed at 14.1 T with 11.00 kHz magic-angle spinning,
using a construct containing a Thr-to-Cys substitution at Gag
residue 371 to increase the yield of VLPs (see Supporting
Information). Transmission electron microscopy (TEM)
images show that our AMA-CA-SP1-NC VLPs have uniform
100—120 nm diameters and are robust under ssNMR
measurement conditions (Figure 1A,B).

As an initial test for structural order in the CA-SP1 junction,
we prepared VLPs with '*N,"*C-labeling of Val residues and
15N-labeling of Leu residues, allowing the identification of
ssNMR signals from the V230-L231 pair immediately before
the CA-SP1 junction (Figure 1C). ssNMR signals from these
residues are entirely absent from corresponding ssNMR spectra
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Figure 1. Sample assessment and detection of CA-SP1 junction
residues. (A) Negatively stained TEM image of HIV-1 VLPs formed
by spontaneous self-assembly of AMA-CA-SP1-NC. (B) Image after
unpacking VLPs from the ssNMR rotor, following 96 h of data
acquisition with magic-angle spinning at 11 kHz. (C) 1D "*C ssNMR
spectra of selectively Val/Leu-labeled VLPs, without (top) and with
(bottom) N filtering, showing the filtered V230 signal.

of the mature lattice in CA assemblies, including tubular,
spherical, and planar assemblies, due to dynamic disorder.”""

We then prepared uniformly "“N,*C-labeled VLPs and
recorded two-dimensional (2D) and three-dimensional (3D)
ssNMR spectra. Although these spectra are congested due to
the high molecular weight of AMA-CA-SP1-NC (see Figures
S1 and S2), chemical shifts for residues 216—241 (CA-SP1
numbering) were determined by standard methods of
sequential resonance assignment (Figure 2, Table Sl) Analys1s
of these chemical shifts with the TALOS-N program'” yielded
predictions of backbone ¢ and y torsion angles for residues
217-240, indicating an a-helical secondary structure from
G225 to N240 (Figure 3A).

Results in Figure 3 represent direct experimental con-
firmation of structural order and a-helical conformation in the
critical CA-SP1 junction within a noncrystalline, immature
lattice formed by an HIV-1 Gag construct that includes full-
length CA. Inclusion of full-length CA is important because the
Gag lattice within immature HIV-1 is believed to be stabilized
by intermolecular interactions involving both the N-terminal
and the C-terminal domains of CA (NTD and CTD).”™* Thus,
our data support the notion of a helical bundle formed by CA-
SP1 junction segments as a distinctive interaction stabilizing the
immature lattice.”® This helix appears to protect the scissile
bond between CA and SP1 from protease cleavage, making this
bond the final proteolytic site that triggers maturation. It seems
likely that the helical CA-SP1 segment must unfold prior to
proteolysis. This mechanism is analogous to the proposed
transient unfolding that permits cleavage of the collagen triple
helix by matrix metalloproteases.'”

As shown in Figure 3B, analysis of chemical shifts by the
MICS program'* suggests a type II f-turn in residues 220—223
(GVGG sequence). This f-turn is also observed in the recent
CTD-SP1 crystal structure, where it forms multiple inter-
molecular contacts and orients the junction helix into the stem
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Figure 2. Sequential assignment of residues in the CA-SP1 junction
from 3D NCACX (red), NCOCX (blue), and CONCA (green)
ssNMR spectra of VLPs. 2D planes are shown with vertical axes
labeled with the '*N frequencies of the indicated residues. Vertical
lines show sequential connections. Planes are taken at *C NMR
frequencies indicated on the right.
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Figure 3. Secondary structure in the CA-SP1 junction within VLPs.
(A) Backbone torsion angle predictions from chemical shift analysis
based on N and *C ssNMR signals of VLPs. Filled symbols are
classified as strong predictions by TALOS-N. Residues 225—240 of
CA-SP1 (Gagss;_37,) adopt torsion angles indicative of an a-helical
conformation. (B) Residue-specific likelihoods of a-helix, type II f-
turn, and loop conformations from MICS. Values for f-turn are
plotted on the second residue of a four-residue segment, suggesting a
f-turn in residues 220—223.
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region of the gobletlike CTD-SP1 hexamer.'” ssNMR
measurements of “N—"N dipole—dipole couplings indicate
good agreement of backbone conformations at G220 and V230
between VLPs and the CTD-SP1 crystal structure (Figure S3).
In contrast, residues 220—223 are dynamically disordered in
tubular CA assemblies,”''* unobserved in crystal structures of
mature capsid constructs,'® and disordered in structure bundles
from solution NMR of CTD, CA, and full-length Gag.16
However, backbone torsion angles predicted from chemical
shifts of soluble, unassembled CA constructs (Figure S4) are
similar to those obtained from our ssNMR data for VLPs.
Therefore, it appears that residues 220—223 of CA have a
propensity to form a f-turn in solution, and that the S-turn is
only stabilized in the assembled immature lattice, concom-
itantly with formation of the CA-SP1 helix. Conversely, the
inherent flexibility of this short segment may play a role in the
unfolding of CA-SP1 helices prior to protease cleavage.

The immature Gag lattice is stabilized primarily by
intermolecular interactions among CA subunits, with MA
serving to tether the immature lattice to the viral membrane
and NC serving to bind RNA. Although immature and mature
assemblies are both triangular lattices of CA hexamers, cryoEM
of immature HIV-1 indicates that the intermolecular inter-
actions of both NTD and CTD are quite different in the two
lattices (Figures 4A—C and $5).”*" For CTD, this finding is
borne out by the crystal structure of CTD-SP1."’ To identify
additional evidence for structural rearrangements involving
both NTD and CTD, we obtained partial chemical shift
assignments for these domains from the 3D ssNMR spectra of
AMA-CA-SP1-NC VLPs and compared them with our
previously reported ssNMR data for tubular CA assemblies,
which contain the mature lattice."" Assignments were
facilitated by the flexibility of AMA and NC domains, which
contribute few signals to the ssNMR spectra of VLPs, since the
ssNMR measurement conditions favor immobilized segments.
In cases where direct comparison of VLP spectra and CA tube
spectra did not yield unambiguous assignments, due to large
resonance shifts or spectral overlap, we used sequential
correlations to verify the assignments.

Figure 4D shows the differences in chemical shifts between
CA tubes and VLPs (Biological Magnetic Resonance Bank
accession numbers 19575 and 26883). Many differences are
observed, indicating many structural differences at the residue-
specific level. Figure 4E depicts the secondary structure of CA,
the intermolecular interfaces in mature CA and immature Gag
lattices, and the locations where significant differences in
chemical shifts or ssNMR signal amplitudes are observed.
Differences in chemical shifts or signal amplitudes are observed
in all interface segments, supporting the notion that mature and
immature lattices are formed by entirely different interactions
between CA domains. Importantly, these correlations between
spectral changes and differences in intermolecular interface
differences verify that our AMA-CA-SP1-NC VLPs have a
different supramolecular architecture than mature CA assem-
blies.

Differences in signal amplitudes imply site-specific differences
in dynamics or in structural homogeneity between the two
types of assemblies. In the mature lattice, residues 1—13 form a
partially ordered f-hairpin,"*" with strong signals from residues
1—6 in ssNMR spectra of CA tubes.''* These signals are absent
from ssNMR spectra of VLPs, as expected if the covalent
linkage to AMA prevents f-hairpin formation at the N-terminal
segment of CA. On the other hand, the C-terminal segment of
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Figure 4. Differences in structure between immature and mature HIV-
1 lattices. (A,B) CA hexamers in immature and mature lattices (PDB
files 4USN and 4XFX, respectively), with residues involved in
intermolecular interfaces colored green and pink, respectively. Other
residues are colored gray and orange, alternately around each hexamer.
(C) CA monomer, with immature and mature interface residues
colored green and pink. Residues with interface contacts in both
lattices are colored yellow, although these contacts usually involve
different partners in the two lattices. (D) Absolute values of chemical
shift differences between AMA-CA-SP1-NC VLPs and CA tubes for
CO, C,, Cp, and backbone N sites. (E) Schematic representation of
sites in the CA sequence with chemical shift differences greater than
1.5Apys (filled stars) or less than 0.5Apy (open circles), or with
significant changes in ssNMR signal amplitudes (open triangles).
Green, pink, and yellow segments are defined as in panel C. White
segments have no intermolecular contacts in either lattice.

CA, which is invisible in ssNMR spectra of CA tubes,'"
becomes visible in VLPs, as discussed above.

Signal amplitude differences in other regions of the CA
sequence can be understood by differences in supramolecular
structure. For example, while helix 10 (residues 196—206)
forms a trimeric interface in the mature CA lattice,'” this
trimeric interface is absent from the immature lattice (see
Figure SS). A number of sites at the end of helix 10 and in the
loop between helices 10 and 11 (residues 204—210) have
increased signal amplitudes in ssNMR spectra of VLPs
compared to spectra of CA tubes. Additionally, in the mature
lattice of CA tubes, the loop between helices 8 and 9 (residues
160—174 and 178—193) of CTD makes intramolecular
contacts with NTD, possibly with a distribution of
conformations due to flexibility in the CTD-NTD linker."®
According to cryoEM of immature HIV-1, intramolecular
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NTD-CTD distances are larger in the immature lattice.”
Correspondingly, signal amplitudes from Alal74 and Alal77
are larger in ssNMR spectra of VLPs.

Examples of spectral comparisons between VLPs and CA
tubes are shown in Figure S6, and locations of spectral changes
are indicated on the structure of CA in Figure S7. In contrast to
the spectral changes observed for residues that are involved in
intermolecular interfaces, multiple contiguous residues with
negligible changes in chemical shifts (less than 0.5Agys, open
circles in Figure 4E) are found in segments that do not establish
interfaces in either type of assembly.

In conclusion, ssNMR data for AMA-CA-SP1-NC VLPs
indicate the existence of a 16-residue a-helical segment around
the CA-SP1 junction in the Gag lattice of immature HIV-1,
providing direct support for the idea that helical structure in
this segment stabilizes the immature lattice and inhibits HIV-1
maturation by blocking protease access to the CA-SP1 cleavage
site. These data also indicate the feasibility of future ssNMR
studies to sharpen our understanding of aspects of the Gag
lattice that remain uncertain, such as the detailed structure of
key intermolecular interfaces,'” and to identify the binding
modes of maturation inhibitors.
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B NOTE ADDED IN PROOF

Soon after initial submission of this paper, Schur et al. reported
a cryoEM-based atomic model for similar VLPs, showing a-
helix formation by CA-SP1 residues 225—239.7
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