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Abstract: Structural studies of HIV-1 Gag, the primary
structural polyprotein involved in retroviral assembly, have
been challenging, owing to its flexibility and conformational
heterogeneity. Using residual dipolar couplings, we show that
the four structural units of the capsid (CA)-spacer peptide 1
(SP1)-nucleocapsid (NC) fragment of HIV-1 Gag (namely, the
N- and C-terminal domains of capsid, and the N- and C-
terminal Zn knuckles of nucleocapsid) have the same struc-
tures as their individually isolated counterparts, and tumble
semi-independently of one another in the absence of nucleic
acids. Nucleic acids bind exclusively to the nucleocapsid
domain and fix the orientation of the two Zn knuckles relative
to one another so that the nucleocapsid domain/nucleic acid
complex behaves as a single structural unit. The low "N-{'H}
heteronuclear NOE values (< 0.4), the close to zero values for
the residual dipolar couplings of the backbone amides, and
minimal deviations from random-coil chemical shifts for the C-
terminal tail of capsid and SPI, both in the absence and
presence of nucleic acids, indicate that these regions are
intrinsically disordered in the context of CA-SPI-NC.

The assembly of human immunodeficiency virus 1 (HIV-1) is
mediated by the polyprotein precursor Gag (group-specific
antigen)."! The organization of Gag is as follows: matrix
(MA)—capsid (CA)-spacer peptide 1 (SP1)-nucleocapsid
(NC)-spacer peptide 2 (SP2)—p6. There are five HIV-1 pro-
tease cleavage sites located at the junction of these six
elements. Gag is expressed in the cytoplasm of the host cell
and subsequently transported to the plasma membrane,
where assembly into an immature spherical particle takes
place. During the budding process from the cell surface, HI'V-
1 protease cleaves Gag in a sequential manner, leading to the
formation of a mature virion with a conical viral capsid. The
matrix regulates the binding of Gag to the cell membrane, the
capsid protein forms the viral capsid, nucleocapsid binds viral
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nucleic acids, and the intrinsically disordered p6 interacts with
cellular and viral proteins. The spacer peptides, SP1 and SP2,
are also critical for viral assembly and are thought to control
conformational changes in Gag that take place during viral
maturation.

Although extensive structural information is available for
the individual protein components of Gag,!l structural studies
of either full-length or extended fragments of Gag have been
hindered by conformational heterogeneity, which prevents
crystallization,” and extreme sensitivity to proteolysis.** We
recently published an extensive NMR and X-ray solution
scattering study of the full-length capsid protein and obtained
a quantitative description of the conformational space
sampled by its N- and C-terminal domains on the nano- to
millisecond time scale.’! NMR studies on fragments compris-
ing matrix and the N-terminal domain of capsid,’” and the C-
terminal domain of capsid, SP1, and nucleocapsid,”! showed
extensive motion between the independently folded units.
Small-angle neutron scattering on a monomeric mutant of the
matrix—capsid—-SP1-nucleocapsid fragment of Gag, in which
Trp316 and Met317 (equivalent to residues 184 and 185 of
capsid and located at the dimerization interface of the C-
terminal domain of capsid) were mutated to alanine, sug-
gested that the Gag polyprotein is folded over with the matrix
domain that is located close to the nucleocapsid domain.”’
However, the W316A/M317A double mutation alters the
positional distribution of the N- and C-terminal domains of
capsid relative to the wild-type monomeric form,” which may
significantly impact the interpretation of the scattering data.
Further, interpretation of scattering data for a highly dynamic
system is complex and cannot be reliably carried out in the
absence of additional data (e.g. from NMR). Lastly, a model
derived from cryo-electron tomography of immature HIV-
1 virions proposed that a helical bundle of six SP1 spacer
peptides stabilizes capsid hexamers,® but the low resolution
of this study precludes any definitive verification of this
model.

Here, we present a solution NMR study of a 300-residue
capsid-SP1-nucleocapsid (CA-SP1-NC) fragment of HIV-
1 Gag extending from residues 133 to 432 (numbering for the
HXB?2 strain), based upon residual dipolar coupling (RDC)
data, complemented by heteronuclear N relaxation data,
backbone chemical shifts, and analytical ultracentrifugation
(see the Supporting Information for expression and purifica-
tion). This construct is functionally relevant, as it forms both
tubes and cones in the presence of RNA (Supporting
Information, Figure S1), consistent with previous reports.”

The dimerization properties of CA-SP1-NC (Figure 1a),
which are mediated by the C-terminal domain of capsid, are
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Figure 1. RDC analysis of CA-SP1-NC with and without nucleic acids.

a) Schematic representation of the structural domains of CA-SP1-NC.

The N- and C-terminal domains of capsid are indicated as CAY?, .

and CASY ..., respectively; the N- and C-terminal Zn knuckles of
nucleocapsid as NC) 2 and NCS; /%, respectively. b) Singular-value

decomposition (SVD) analysis showing the agreement of the exper-
imental backbone amide ('Dyy) RDCs acquired in lipid bicelles (red:
without DNA, blue: with AP(—) PBS DNA at a protein~-DNA molar
ratio of 1:2) with those calculated from the coordinates of the isolated
capsid (PDB: 2M8L and 2M8NP!) and nucleocapsid (PDB: 2M3Z").
The RDC R-factor, Ry, is given by {((Dobs-Deaic)®)/ (2(Dovs2))}'/?, where
Dyys and Dy, are the observed and calculated RDC values, respectively.
Note that severe resonance broadening is observed for the N-terminal
Zn knuckle of nucleocapsid in the presence of DNA, resulting in far
fewer RDCs (6 as compared to 17 without DNA) for SVD analysis,
leading to an artificially low (2.5%) value of Ry,. PDB = protein data
bank.

similar to those of the isolated capsid protein,” as judged by
analytical ultracentrifugation (Supporting Information,
Table S1). As in the case of capsid,®! the time scale of
monomer—dimer exchange is intermediate on the chemical
shift scale. As a result, some "Hy/"N cross-peaks for residues
at or close to the dimerization interface of the capsid C-
terminal domain, as well as within the linker connecting the
N- and C-terminal capsid domains, are broadened out in the
"H-"N TROSY correlation spectrum (Supporting Informa-
tion, Figure S2). Some regions of SP1 (residues 368-372) and
the N-terminal end (residues 381-388) of the nucleocapsid
domain are also broadened out, presumably as a result of
rapid proton exchange between the backbone amides and
water (Supporting Information, Figure S3). However, the
similarity between the "Hy/"*N backbone chemical shifts of
the structured domains of CA-SP1-NC with those of the
isolated capsid (residues 133-363) and nucleocapsid (residues
379-432) constructs indicates that these domains retain their
fold within the context of CA-SP1-NC and likely tumble
semi-independently of one another.
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Addition of excess DNA to CA-SP1-NC, either in the
form of a linear single-stranded 30 mer (TG);s or a 14 mer
hairpin structure known as the DNA (—) primer binding
site"”! (5d-GTCCCTGTTCGGGC, hereafter referred to as
AP(—)PBS DNA) results in the formation of a 1:1 CA-SP1-
NC/DNA complex (Supporting Information, Figure S4 and
S5), accompanied by significant 'Hy/®N chemical shift
perturbations within the nucleocapsid domain but not in
other regions of CA-SP1-NC (Supporting Information, Fig-
ure S2B,C). We therefore conclude that interaction with
nucleic acids is limited exclusively to the nucleocapsid
domain. In addition, cross-peaks for the N-terminal region
of nucleocapsid become visible upon addition of DNA, as
expected since this region in the isolated nucleocapsid
construct is known to adopt an ordered conformation upon
DNA binding!"!! (Supporting Information, Figure S3).

RDC measurements in a liquid crystalline medium of
neutral bicelles provide information on bond vector orienta-
tions, molecular shape, and interdomain dynamics.®!>"
There is excellent agreement between the observed backbone
amide ('Dy;) RDCs obtained both in the absence and
presence of DNA and those calculated from the coordinates
of the individual domains of capsid® and nucleocapsid,
indicating that the structure of each domain remains essen-
tially unaltered in the context of CA-SP1-NC (Figure 1). Of
note, however, is that the magnitude of the principal
component (D) of the alignment tensor, as well as the
rhombicity () of the tensor is very different for the four
structural domains (i.e., the N- and C-terminal domains of
capsid, and the N- and C-terminal Zn knuckles of nucleocap-
sid; Table 1), indicative of large, rigid body interdomain
motions. Thus, the value of D?“ for the N-terminal domain of
capsid is twice that for the C-terminal domain of capsid and
the N-terminal Zn knuckle of nucleocapsid, and close to one
order of magnitude larger than that for the C-terminal
Zn knuckle of nucleocapsid. Moreover, whereas the align-

Table 1: Magnitude of RDC alignment tensors for the structural domains
of CA-SP1-NC.

Domain®® without DNA with DNA

D} [Hz] " D} [Hz] 7"
CANT®. (60/59) 18.3 0.33 12,6 0.34
CASP .. (19/17)1 -10.5 0.65 9.2 0.64
NCe ey (17/6) 8.1 0.19 5.7 0.59
NCS2,, (13/10) 2.1 0.49 6.2 0.51

[a] The first and second numbers refer to the number of RDCs without
and with DNA, respectively. Only RDCs in secondary structure elements
are included in the SVD analysis. [b] The maximum value of the
rhombicity # is 2/3. When =0, the tensor is axially symmetric. [c] For
the C-terminal domain of capsid, the values of DI and 7 reported in the
table are apparent values obtained by fitting against the coordinates of
a single subunit. The C-terminal domain is an exchanging mixture of
monomer and dimer. When the RDC data at three different concen-
trations of CA-SP1-NC (0.05, 0.1 and 0.2 mMm in subunits) are fitted to
the appropriate population-weighted mixtures of a monomer and dimer
(as determined from analytical ultracentrifugation, Supporting Infor-
mation, Table S1), the values of D™ and 7 are 10.1 Hz and 0.26 for the
dimer, and 23.1 Hz and 0.51 for the monomer in the absence of DNA. In
the presence of DNA, the corresponding values are 11.5 Hz and 0.31 for
the dimer, and 16.0 Hz and 0.58 for the monomer.
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ment tensor is close to axially symmetric for the N-terminal
Zn knuckle of nucleocapsid, it is close to fully rhombic for the
C-terminal domain of capsid and the C-terminal Zn knuckle
of nucleocapsid. Upon binding to DNA, the two Zn knuckles
of nucleocapsid have the same alignment tensor, indicating
that their orientation relative to each other is fixed on the
DNA (Table 1 and Figure 2 bottom right panel). Thus, in the
presence of DNA, there are three structural units in CA-SP1-
NC that tumble semi-independently of one another, namely
the N- and C-terminal domains of capsid and the nucleocap-
sid/DNA complex.
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Figure 2. Correlation of backbone amide RDCs for CA-SP1-NC with
those for the isolated capsid (residues 133-363, top) and nucleocapsid
(residues 379-432, bottom) constructs in the absence (left panels)
and presence (right panels) of AP(—)PBS DNA. RDCs for the N-
terminal domain (NTD) of capsid and the N-terminal Zn knuckle (N-
Zn) of nucleocapsid are shown in red; the RDCs for the C-terminal
domain (CTD) of capsid and the C-terminal Zn knuckle (C-Zn) of
nucleocapsid are shown in blue. RDC data for capsid were taken from
Ref. [5].

The extent of motion can be assessed by comparing the
observed RDCs measured on CA-SP1-NC with those
measured for the isolated capsid and nucleocapsid constructs
(Figure 2). The RDCs for the N-terminal domain of capsid,
and the two Zn knuckles of nucleocapsid measured for CA—
SP1-NC are highly correlated to those measured for the
isolated constructs, both in the absence and presence of DNA
(Figure 2, left and right panels, respectively). This suggests
that the motional characteristic of the N-terminal domain of
capsid and the two Zn knuckles of nucleocapsid are similar in
the context of the CA-SP1-NC, capsid, and nucleocapsid
constructs. The corresponding correlations for the C-terminal
domain of capsid, however, are poor (Figure 2, top panels).
This is due to two factors: First, the dimerization equilibrium
is a little different in isolated capsid® and the CA-SP1-NC
construct (Supporting Information, Table S1) so that the
proportion of monomer and dimer is altered. Second, the C-
terminal domain of capsid serves as an anchor for the non-
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associating N-terminal domain of capsid and nucleocapsid
domain, and is therefore influenced by the overall shape of
the molecule, which is necessarily different for the capsid
construct versus CA-SP1-NC.

What of the structural and dynamic characteristics of the
C-terminal tail of capsid (residues 353-363) and the SP1
linker (residues 364-377) in the context of CA-SP1-NC? On
the basis of peptide studies in which this region becomes
helical upon reduction of solvent polarity (e.g. by addition of
trifluoroethanol), it has been proposed that SP1 undergoes
a coil-to-helix transition during viral assembly triggered by
Gag binding to nucleic acids.""® The values of the RDCs for
both the capsid C-terminal tail and SP1 are close to zero, and
the "N-{'H} heteronuclear NOE values are less than 0.4,
indicative of high local mobility on the nanosecond time scale
(Figure 3 and 4, and Supporting Information, Table S2).
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Figure 3. "N—{'"H} heteronuclear NOE (top) and backbone amide RDC
(bottom) profiles for CA-SP1-NC in the absence and presence of
DNA. The domain delineation and secondary structure elements of
CA-SP1-NC are indicated above the panels. The semitransparent grey
rectangle marks the location of the SP1 spacer (residues 364-377).
The experimental data were recorded at a spectrometer 'H frequency
of 800 MHz.

These values are unaffected by binding of nucleic acids to
CA-SP1-NC. The absence of any structural ordering is
confirmed by analysis of backbone chemical shifts using
both 82D™! (Figure 4) and Talos + ! (Supporting Informa-
tion, Figure S3), thus indicating that residues 353-377 are
intrinsically disordered and unaffected by the addition of
DNA. The downfield-shifted Ca and upfield-shifted Cf
chemical shifts for Met367, however, are suggestive of
a possible kink in the polypeptide chain at that location.
Finally, nothing definitive can be said about the conforma-
tional characteristics of residues 368-372 of SP1 as their 'Hy/
N cross-peaks were not observed. Nevertheless, the fact that
there is extensive interdomain motion between the C-
terminal domain of capsid and the N-terminal Zn knuckle
of nucleocapsid suggests that residues 368-372 of SP1 are also
highly mobile.

To probe the biological implications of an intrinsically
disordered SP1 in the context of CA-SP1-NC, we looked at
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cleavage rates by HIV-1 protease (Supporting Information,
Figure S6). In the absence of nucleic acids (at pH 6.5),
cleavage is very slow and approximately equal at the CA/
SP1 and SP1/NC sites. But upon addition of nucleic acids,
cleavage is greatly accelerated and occurs much more rapidly
at the SP1/NC site, in agreement with in vitro and in vivo
observations.”” Based on the NMR data, SP1 remains
intrinsically disordered in the presence of nucleic acids. We
speculate that when the two Zn knuckles of nucleocapsid
move independently of one another, access of HIV-1 protease
to the CA/SP1 and SP1/NC cleavage sites is hindered, either
through transient interactions or steric obstruction. However,
once the two Zn knuckles behave as a single unit upon nucleic
acid binding, access of HIV-1 protease to the SP1/NC site is
considerably enhanced.
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