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Expression of a retroviral protein, Gag, in mammalian cells is sufficient for assembly of immature virus-like
particles (VLPs). VLP assembly is mediated largely by interactions between the capsid (CA) domains of Gag
molecules but is facilitated by binding of the nucleocapsid (NC) domain to nucleic acid. We have investigated
the role of SP1, a spacer between CA and NC in HIV-1 Gag, in VLP assembly. Mutational analysis showed that
even subtle changes in the first 4 residues of SP1 destroy the ability of Gag to assemble correctly, frequently
leading to formation of tubes or other misassembled structures rather than proper VLPs. We also studied the
conformation of the CA-SP1 junction region in solution, using both molecular dynamics simulations and
circular dichroism. Consonant with nuclear magnetic resonance (NMR) studies from other laboratories, we
found that SP1 is nearly unstructured in aqueous solution but undergoes a concerted change to an a-helical
conformation when the polarity of the environment is reduced by addition of dimethyl sulfoxide (DMSO),
trifluoroethanol, or ethanol. Remarkably, such a coil-to-helix transition is also recapitulated in an aqueous
medium at high peptide concentrations. The exquisite sensitivity of SP1 to mutational changes and its ability
to undergo a concentration-dependent structural transition raise the possibility that SP1 could act as a
molecular switch to prime HIV-1 Gag for VLP assembly. We suggest that changes in the local environment of

SP1 when Gag oligomerizes on nucleic acid might trigger this switch.

Retrovirus particles are roughly spherical, somewhat pleo-
morphic objects with diameters of approximately 120 nm. Ex-
pression of a single virus-coded protein, Gag, in mammalian
cells is sufficient for efficient particle assembly (61). HIV as-
sembly occurs at the plasma membrane, where accumulation
of Gag is first observed as electron-dense patches under the
membrane. The initial product of assembly, or immature par-
ticle, contains several thousand Gag molecules arranged radi-
ally under the surface of the sphere, with their N-terminal
matrix (MA) domains in contact with the lipid bilayer sur-
rounding the particle and their C termini facing the interior of
the particle (11, 27, 67, 69, 71). While the mechanistic details
of the assembly process are still unknown, assembly is facili-
tated by interaction with RNA or short oligonucleotides (13-
15, 31, 32, 47, 48, 51, 72); lack of this interaction can be
compensated for by adding an additional oligomerization do-
main to the protein (2, 19, 37, 73). Thus, protein oligomeriza-
tion, either upon binding nucleic acid or mediated by addi-
tional protein interaction domains, appears to be an early and
crucial step in virus assembly.

Following virus assembly and release from the virus-produc-
ing cell, the viral protease normally cleaves Gag into a series of
cleavage products to form the mature virion. In HIV-1, these
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cleavage products are, from the N to C terminus, MA, capsid
(CA), SP1, nucleocapsid (NC), SP2, and p6 (35). One impor-
tant function of the MA domain in particle assembly is target-
ing of Gag to the plasma membrane. The CA domain appears
to play a principal role in protein-protein association during
assembly of the immature particle. The NC domain is involved
in interactions of Gag with RNA, while p6 contains the “late
domain” (26), which mediates interactions of Gag with cellular
factors leading to release of the assembled particle from the
cell (61).

Several studies have shown that particles closely resembling
authentic immature virions (except for the absence of a lipid
membrane) can be assembled from purified, recombinant Gag
in a fully defined system in vitro (13-15, 31, 32, 47, 72). Purified
recombinant Gag protein, which is normally soluble, under-
goes rapid and spontaneous assembly into virus-like particles
(VLPs) upon binding nucleic acid and, in some cases, an ad-
ditional small molecule, inositol pentakisphosphate (IP5). The
structural similarity of in vitro assembled particles and authen-
tic immature particles suggests that VLP structure is a direct
consequence of the size and shape of the Gag molecule and the
precise ways that it interacts with other Gag molecules upon
binding to nucleic acid. The mechanism by which nucleic acid
binding triggers VLP assembly is unclear; gaining an insight to
this mechanism is crucial to our understanding of virus assembly.

The three-dimensional structure of HIV-1 Gag has not been
determined. However, nuclear magnetic resonance (NMR)
and crystallographic structures have been reported for free
MA (36, 49), the two domains within CA (28-30, 68), and NC
in complexes with small RNA stem-loops (6, 23). The structure
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of a fragment containing both MA and the N-terminal domain
of CA has also been determined by NMR (62). One major
obstacle to structural studies of HIV-1 Gag is the fact that it
contains several flexible regions; solution properties of Gag are
fully consistent with this idea (21).

The present report is concerned with the function of the SP1
domain in HIV-1 assembly (see Fig. 1A). SP1 is only 14 resi-
dues long; its sequence is highly conserved among HIV-1 iso-
lates. Deletions or alterations within this 14-residue stretch of
Gag can be extremely deleterious for correct particle assembly
(1, 34, 40, 44, 66). Protein structure prediction programs sug-
gest that the last 7 residues of the CA domain and the first 7
residues of SP1 might form an a-helix (1). In fact, NMR data
show that the SP1 domain exhibits only a slight propensity for
helix formation (52), but this tendency is dramatically en-
hanced in 30% trifluoroethanol (TFE), a helix-promoting sol-
vent (50).

We now present the results of a detailed mutational study of
the role of the N-terminal portion of SP1 in HIV-1 immature
particle assembly. In addition, we have investigated the struc-
ture of SP1 using both molecular dynamics (MD) simulations
and circular dichroism (CD) analysis. These studies further
demonstrate the extreme dependence of virus assembly on the
SP1 sequence and also reveal the exquisite sensitivity of SP1
conformation to environmental conditions, including molecu-
lar crowding. Based on these studies, we propose that local
concentration changes upon binding of Gag to nucleic acid can
lead to a change in SP1 conformation; in turn, this structural
change might be a molecular switch which triggers virus as-
sembly.

MATERIALS AND METHODS

Plasmids. Except where otherwise noted, all experiments were performed with
derivatives of pCMV55M1-10, the plasmid directing the Rev-independent ex-
pression in mammalian cells of HXB2 Gag (56). This plasmid was a kind gift of
Barbara Felber (National Cancer Institute [NCI]). For infectivity assays, pNL4-3
lacking vpr and containing the firefly luciferase gene in place of env was used
together with a vesicular stomatitis virus G protein (VSV-G) expression plasmid.
The former plasmid was a kind gift of Vineet KewalRamani and Alok Mulky
(NCI). We also used the Gag-Z plasmid, in which NC, SP2, and p6 of
pCMV55M1-10 have been replaced by a leucine zipper motif (19) and a plasmid
directing bacterial expression of a Gag protein lacking residues 16 to 99 and all
of p6 (A16-99 Gag) (13, 32). All deletions and point mutations were generated
using the QuikChange technique as directed by the manufacturer (Stratagene).

Cells and viruses. All experiments involving mammalian cells were conducted
in 293T cells. Twenty-four-hour harvests of culture fluid were collected 48 and
72 h after transfection. The fluids were first filtered through 0.45-pum-pore-size
filters, and virus-like particles (VLPs) were then collected by centrifugation at
25,000 rpm in an SW28 rotor (Beckman) for 1 h through a cushion of 20%
(wt/wt) sucrose. Transfections, infectivity assays, immunoblotting, and electron
microscopy (EM) of thin sections of transfected cells were as described in Crist
et al. (19); reverse transcriptase (RT) activity was assayed using a Quant-T-RT
kit (GE Healthcare) according to the manufacturer’s instructions. At least 20
fields were examined in each EM analysis. The cells used in the infectivity assays
expressed the ecotropic murine leukemia virus receptor MCAT although this is
unnecessary for infection by the virions bearing the VSV-G protein used here.

In vitro assembly. All in vitro studies were with derivatives of A16-99 Ap6 Gag
protein. Recombinant protein was purified for in vitro assembly as described
previously (20, 22). Assembly experiments were performed by adding various
amounts of Saccharomyces cerevisiae tRNA (Ambion) to 1 mg/ml of purified
protein in assembly buffer (0.1 M NaCl-0.02 M Tris [pH 8.0]-5 mM B-mercap-
toethanol). To quantitate assembly, the mixture was incubated for 1 h on ice and
then centrifuged for 30 min at 4°C at ~20,000 X g. Pellets were dissolved in 0.02
M Tris (pH 8.0)-6 M guanidine hydrochloride. Absorbance of these solutions
was measured at 260 and 280 nm, and amounts of pelleted protein were esti-
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mated using the technique of Warburg and Christian (65). Both supernatants
and pellets from this centrifugation were also analyzed by SDS-PAGE and
Coomassie brilliant blue staining to ensure that equal amounts of total protein
(supernatant plus pellet) were present in all samples. The pelleted material was
also characterized by negative-stain electron microscopy using 2% uranyl
acetate.

Molecular dynamics simulations. Conformations of wild-type (WT) and mu-
tant (E365P) peptides were analyzed by a combination of molecular mechanics-
based modeling techniques including exhaustive molecular dynamics (MD) and
replica exchange MD trajectories. We obtained a highly redundant sampling
of peptide conformation space for peptides in solvent mixtures of variable
dimethyl sulfoxide (DMSO)-water composition. The techniques are de-
scribed in detail in material posted at http:/home.ncifcrf.gov/hivdrp/Rein
_publications/JV2011DattaSupplemental.pdf.

Circular dichroism. The peptide spanning P356 to T373 (peptide P356-T373;
PGHKARVLAEAMSQVTNT) was obtained from New England Peptide LLC
(Gardner, MA) and further purified by reverse-phase high-performance liquid
chromatography (HPLC) on a C,g column with a linear gradient of water and
acetonitrile containing 0.1% trifluoroacetic acid. After confirmation of homoge-
neity by matrix-assisted laser desorption ionization (MALDI) mass spectroscopy,
the purified peptide was lyophilized to a powder. The lyophilized peptide was
rehydrated overnight in deionized water at 4°C to make a stock solution at 20
mg/ml (10.4 mM). Peptide concentration was determined by UV absorbance
spectroscopy at 205 nm (57) and confirmed by amino acid analysis. Circular
dichroism spectra of samples at 25°C (#+0.1°C) were acquired using an AVIV 202
CD spectrometer (Aviv Instruments). The peptide at 20 mg/ml (10.4 mM) in
water was diluted to 0.052 mM or 0.52 mM in various water-TFE or water-
ethanol (EtOH) mixtures containing 10 mM sodium borate, pH 8.0. For con-
centration dependence studies, the peptide was diluted into 0.5 mM sodium
borate, pH 8.0. CD spectrum acquisition was initiated within 1 min of peptide
dilution. Quartz cells (Hellma) of 1-cm, 1-mm, and 0.1-mm path lengths were
used to acquire CD spectra in the region of 180 to 260 nm or 190 to 260 nm
(wavelength step, 0.5 nm; averaging time, 1.000 s; settling time, 0.330 s). The
secondary structural composition was estimated from the spectra using Pepfit
(55), which uses a peptide-specific basis set. A Microsoft Excel-ported version of
Pepfit (7), a kind gift from Michael A. Amon, was used for convenience. The
results from Pepfit were corroborated using CONTINLL (54) and CDSSTR (17)
with the basis set 7 (60), which includes 48 proteins (five denatured), all accessed
at the Dichroweb site (http://dichroweb.cryst.bbk.ac.uk) (46).

RESULTS

Deletions of single residues in SP1. Fig. 1A shows the se-
quence of SP1 and its position within the HIV-1 Gag protein.
Several prior studies (1, 34, 40, 45, 66) indicate that residues in
SP1 are critical for proper VLP assembly. To identify these
residues as specifically as possible, we individually deleted each
of the N-terminal 7 residues of SP1. The assembly properties
of these seven deletion mutants were tested by expressing them
in 293T cells and analyzing Gag-specific structures in the cells
by transmission electron microscopy. No normal VLPs were
formed by Gag proteins lacking any of the first 4 residues (Fig.
1C to F). Rather, these proteins predominantly assembled into
tubular structures. While the structures formed by Gag lacking
the fifth residue (AS368) were not normal, some of them did
exhibit some features, such as radius of curvature, in common
with normal VLPs (Fig. 1G). Strikingly, Gag lacking residue 6
of SP1 assembled into a mixture of apparently normal VLPs
and abnormal structures such as tubes (Fig. 1H, AQ369), while
Gag lacking residue 7 formed fully normal-looking VLPs (Fig.
11). Thus, each of the first 4 residues of SP1 is essential for
VLP assembly; residues 5 and 6 are required for fully normal
assembly, but Gag proteins lacking either of these residues do
form structures with recognizable similarity to normal VLPs;
and residue 7 is unnecessary for normal assembly.

Mutations in SP1. In order to further define the sequences
in SP1 required for proper particle assembly, we also tested a



VoL. 85, 2011 SP1 IN HIV-1 ASSEMBLY 4113

A — SP1 — SP2
WA [ & [ Ne Tfw |

IAEAMSQVTNSATIIIH

364 377

AE365
-cn,}(‘:’.\ -i}_ iy t\{' ;‘; %
% ’ KTy
of

ve;
5
8

ek OO0

n of HIV-1 Gag, showing location an

following transfection with the indicated Gag expression plasmids. In panel H, the arrow indicates a proper VLP. Scale bar, 100 nm.

series of point mutants at its N-terminal 4 residues. The mu-
tations were chosen to provide insight into the range of vari-
ation consistent with proper assembly. Electron micrographs of
selected mutants are shown in Fig. 2, and the morphological
and other properties of the entire set are summarized in
Table 1. Electron micrographs of all of the remaining mu-
tants are presented in Fig. S1 posted at http://home.ncifcrf.gov
/hivdrp/Rein_publications/JV2011DattaSupplemental.pdf. Re-
placements of A364, the first residue of SP1, included A364E,
A364K, A364P, A364G, A364F, and A364W mutants. Briefly,
we found that the morphology of A364W particles was indis-
tinguishable from that of wild-type particles, that A364F pro-
duced a mixture of normal-looking VLPs and a variety of
aberrant structures, and that the remaining A364 mutants all
produced predominantly tubular structures. An example is
shown in Fig. 2B.

Several mutants of the second SP1 residue, E365, have al-
ready been described by other laboratories (1, 44). We found
that replacement of E365 with aspartate resulted in normal
assembly. However, E365K (Fig. 2C), E365W, and E365F mu-
tants were all unable to assemble correctly.

We also replaced A366 with a variety of other amino acids,
including glutamate, glycine, lysine, proline, phenylalanine,
and tryptophan. We found that VLPs formed by A366W were
indistinguishable from WT VLPs. A366F assembled into some
normal-looking VLPs (not shown) and some misassembled
structures. A366G (Fig. 2D), A366K (Fig. 2E), A366E, and

A366P proteins all formed tubular structures; A366E and
A366P also formed a pleomorphic mixture of other structures.

Finally, M367 was replaced by alanine, glycine, glutamate,
lysine, tryptophan, phenylalanine, tyrosine, leucine, and pro-
line. We found that VLPs assembled from M367L and M367W
were not detectably different in morphology from WT VLPs.
M367F (Fig. 2F) produced VLPs closely resembling WT VLPs
but also irregular budding structures. M367Y (Fig. 2G) assem-
bled into tubes, irregularly shaped VLPs, and “balloons,” in
which Gag-coated plasma membrane seemed to form a large
sheet disconnected from the cell. M367A, M367E, M367K,
M367G (Fig. 2H), and M367P mutants all formed tubular
structures; in addition, balloons were observed with M367A
and M367P, as well as M367Y, while M367A, M367G, M367E,
M367K, M367P, and M367Y proteins all formed irregularly
shaped VLPs and/or failed to induce curvature when coating
the plasma membrane.

Since the immature particles produced by A366W and
M367W were morphologically similar to WT VLPs, it was of
interest to determine whether virions containing these altera-
tions in SP1 could be infectious. We therefore generated these
mutations in an HIV-1-derived luciferase vector. Virus was
produced by transient transfection of 293T cells and assayed
for luciferase-inducing activity on naive 293 cells. RT activity
was also assayed so that the specific infectivities of the mutant
virus preparations could be compared with the specific infec-
tivity of WT virus. The results of these assays (Table 2) showed
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FIG. 2. Thin-section EM images of 293T cells following transfection with Gag expression plasmids as indicated. Scale bar, 100 nm.

that both mutations caused some reduction in the amount of
virus produced, as measured by the RT assay, and an addi-
tional decrease in the specific infectivity of these virions. The
effects of A366W on both parameters were significantly more
severe than those of M367W.

In vivo assembly properties of AA364. In an effort to better
understand the role of SP1 in virus assembly, we characterized
the assembly properties of one of the mutants, i.e., AA364 (Fig.
1C), in more detail.

VLP assembly normally occurs at the plasma membrane.
Wild-type HIV-1 Gag is targeted to the plasma membrane, in
part because its N-terminal glycine residue is modified with a
myristate moiety. However, assembly is not absolutely depen-
dent upon membrane association: under our transient trans-
fection conditions, G2A Gag, which is not myristylated because
the N-terminal glycine is replaced by alanine, assembles into
roughly spherical structures within the cytoplasm (Fig. 3A). In
contrast, no such structures were seen in cells expressing G2A
AA364 Gag; indeed, electron micrographs of cells containing
this protein could not be distinguished from those of cells
transfected with empty plasmid, despite extensive examination
(data not shown). Although the cells contained no visible virus-
specific structures, they contained easily detectable levels of
the protein, as shown below (Fig. 3B, lane 7). Thus, assembly
of AA364 Gag appears significantly more dependent on mem-
brane association than that of WT Gag.

We also tested the ability of AA364 Gag to coassemble with
a protein resembling WT Gag. In the latter protein, all do-
mains distal to SP1, i.e., NC, SP2, and p6, had been replaced by
a leucine zipper motif. These Gag-Z chimeras assemble effi-
ciently in mammalian cells, forming particles nearly identical in
morphology to authentic immature particles (19). We have
previously shown (19) that Gag-Z can “rescue” G2A Gag into
VLPs; the two proteins can be distinguished in immunoblots by

their different molecular weights. We therefore coexpressed
Gag-Z with G2A AA364 Gag and tested the VLPs for the
presence of the latter protein by immunoblotting. As shown in
Fig. 3B, the G2A AA364 Gag was detectable in the VLPs (lane
3) but at a somewhat lower level than G2A Gag in the control
(lane 4).

The cells coexpressing Gag-Z and G2A AA364 Gag were
also examined by electron microscopy. Some normal-looking
VLPs were seen, but there were also many fields in which Gag
was budding from the plasma membrane, but without a con-
sistent radius of curvature. An example is shown in Fig. 3C. In
contrast, the cells coexpressing G2A Gag and Gag-Z, like
those with Gag-Z alone, were producing normal-looking VLPs
(Fig. 3D). Taken together, these results imply that Gag mole-
cules lacking residue A364 can interfere with correct VLP
assembly by Gag-Z.

Assembly properties of a AE365 leucine zipper chimera.
Free HIV-1 Gag protein monomers have a relatively weak
tendency to dimerize, with a K, (dissociation constant) of
~107> M (22). In contrast, Gag-Z proteins form dimers with
significantly higher affinity (19). It seemed possible that en-
hancing the affinity of Gag monomers for each other would
correct the assembly defect caused by mutations in SP1. To test
this possibility, we placed an SP1 mutation, i.e., AE365, into
Gag-Z. When this construct was expressed in 293T cells, it was
found to misassemble into highly aberrant structures, with an
overall appearance similar to those formed by AE365 itself (data
not shown). Thus, the defective assembly of the SP1 mutant
appears to be independent of the dimeric affinity of Gag.

In vitro assembly properties of AA364 and AV370. Purified
recombinant Gag protein lacking most of the MA domain and
all of p6 (A16-99 Gag) assembles into VLPs when mixed with
nucleic acid (32). One way of monitoring this assembly is by
centrifugation: the VLPs can readily be pelleted while the free
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TABLE 1. Properties of mutants” TABLE 2. Infectivity of SP1 mutants
WT MuFant N Reference or Activity profile®
amino  amino Characteristic(s)” Vi - - -
acid acid source Irus L Relative RT Relative Relative
ue Luc RT Luc/RT
A364 Infectious 3,44
Tubes, Gag on uncurved PM, some This report wT 338,697 1 22,390 1 1
proper VLPs (?) A366W 3,443 0.01 4,547 0.2 0.05
M367W 31,350 0.09 8,864 0.4 0.23

Tubes, Gag on uncurved PM, knobs
on PM

Proper VLPs

Tubes, misshapen blobs

Tubes, misshapen blobs, Gag on
uncurved PM, proper VLPs

This report

This report
This report
This report

Tubes This report
E365 Infectious 1
Some infectivity 1, 44
Proper VLPs This report
Reduced release 1
Reduced release 1
Tubes, proper VLPs This report
Proper VLPs, blobs, Gag on This report
uncurved PM
VLPs, blobs This report
A366 Poor assembly 3,44
Little release 3
Tubes, Gag on uncurved PM This report
Blobs This report
Tubes This report
Tubes, Gag on uncurved PM, very This report
heterogeneous
Proper VLPs, Gag on uncurved PM, This report
blobs
Proper VLPs, some infectivity This report
M367 Tubes, balloons, Gag on uncurved PM  This report

Tubes, blobs, Gag on uncurved PM
Tubes, blobs

Tubes, Gag on uncurved PM
Proper VLPs, some blobs

Tubes, blobs, balloons

Tubes, blobs, balloons

Proper VLPs

Some infectivity

This report
This report
This report
This report
This report
This report
This report
This report

EOTTROO» £ T WRQmWA< £ TRATQUPO Q WYL R W<

“ Expression plasmids for mutant and wild-type Gag were transfected into
293T cells and then processed for thin-section electron microscopy.

> PM, plasma membrane; blobs, released particles lacking the regular shape
and radius of curvature of WT (proper) VLPs; knobs, buds on the plasma
membrane lacking the regular radius of curvature of WT buds; balloons, densely
stained membrane (putatively coated with Gag) not in contact with cytoplasm.
The table also incorporates descriptions of mutant phenotypes from the litera-
ture.

protein remains in the supernatant. We tested whether dele-
tion of residue A364 would interfere with in vitro assembly in
this system. As a control, we also analyzed AV370 Gag, which
forms normal-looking VLPs in mammalian cells (Fig. 1I).
When increasing amounts of tRNA were added to AA364 Gag,
the protein tended to assemble into pelletable structures. How-
ever, at each tRNA concentration, the amount of AA364 Gag
pelleted was lower than that of the AV370 Gag; the titration
pattern of the latter was indistinguishable from that of the WT
control (Fig. 4A).

VLPs formed in vitro by A16-99 Gag closely resemble au-
thentic immature VLPs (except for the absence of a lipid
membrane around the particle) (11, 32). Therefore, we also

“Virus was collected following transfection into 293T cells of a luciferase-
containing vector with WT or mutant SP1. The deletion in Env in the vector was
complemented by cotransfection with VSV-G. The released particles were as-
sayed for RT activity and for their ability to induce luciferase activity in suscep-
tible cells. Relative activity was determined with respect to the level of the WT
virus. Luc, luciferase.

analyzed the products of in vitro assembly by electron micros-
copy. We found that pelleted material obtained by mixing the
AA364 protein with nucleic acid was completely amorphous,
with no regular structures discernible (Fig. 4B). In contrast, the
AV370 protein formed spherical VLPs (Fig. 4C) which were
indistinguishable from WT control VLPs (not shown). Thus,
although AA364 can form some pelletable structures upon
addition of nucleic acid, these structures are aggregates, not
correctly assembled VLPs.

SP1 conformation: molecular dynamics simulations. It is
clear from the results presented above that the ability of Gag
to assemble correctly is critically dependent on the sequence of
its SP1 domain. Unfortunately, the three-dimensional struc-
ture of SP1 is not yet clear. Its sequence is compatible with
a-helix formation (1). However, NMR studies indicate that
SP1 has only a slight propensity for helix formation in aqueous
buffer (52) although a helix is formed in a medium containing
30% trifluoroethanol (TFE) (50), a helix-promoting solvent.

The nature of the transition between these two conforma-
tions is of considerable interest. As one approach to this prob-
lem, we have analyzed SP1 structure by molecular dynamics
(MD) simulations in solvents over a range of dielectric con-
stants. Since the physical characteristics of dimethyl sulfoxide
(DMSO)-water mixtures are particularly well characterized,
we performed simulations on the sequence between P356 and
Q386 over a range of DMSO concentrations (70). We found
(Fig. 5A) that the average helicity (as assessed by the dihedral
angles of the peptide bonds [63]) of the stretch from residue
P356 to Q386 increased monotonically between 0% and 80%
DMSO, with a particularly steep rise between 50 and 60%
DMSO.

We also assessed the helical propensity of each position in
the WT sequence between residues P356 and Q386. Interest-
ingly, we found (Fig. 5B) that the entire stretch between A364
and M378 (essentially, the SP1 region of Gag) had a relatively
uniform, high helical content in 80% DMSO and a very low
helical content in water.

It is interesting that if the stretch of Gag between L363 and
M378 were to form an a-helix, the helix would have a strikingly
amphipathic character, with a hydrophobic face and a polar
face, as shown in Fig. 5C. Since it has been suggested (11, 69)
that SP1 forms a six-helix bundle in immature HIV-1 VLPs, we
searched for indications that the helical structures arising in
our MD simulations could form dimers or hexamers. We per-
formed simulations in which two or six molecules of the stretch
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FIG. 3. Assembly properties of G2A AA364 Gag. (A) Thin-section EM image of cells expressing G2A Gag. In contrast, EM images of cells
expressing G2A AA364 Gag could not be distinguished from those of mock-transfected cells (data not shown). (B) Inefficient coassembly of G2A
AA364 Gag with Gag-Z. Cells were transfected with the indicated Gag expression plasmids, and VLPs and cell lysates were then analyzed by
immunoblotting with anti-p24 antiserum. (C) Thin-section EM image of cells expressing both Gag-Z and G2A AA364 Gag. (D) Thin-section EM
image of cells expressing both Gag-Z and G2A Gag. Scale bar, 100 nm.

A360 to Q379 and A360 to Q386 were incubated together in
silico in 100% DMSO. However, despite the amphipathic char-
acter of the predicted helices (Fig. 5C), no stable oligomeric
structures were observed in these simulations (data not
shown); thus, we have not yet been able to model the putative
hexamer, or dimers that could associate into a hexamer, using
these approaches.

SP1 conformation: circular dichroism. Finally, we used cir-
cular dichroism (CD) spectroscopy to analyze the structure of
a peptide, P356-T373, consisting of the last 8 residues of CA
and the first 10 residues of SP1. (The prediction of a helical
conformation applies to residues G357 to V370, spanning the
CA-SP1 junction [1]). As absorbance by DMSO makes this
solvent impractical for CD measurements, we varied the me-
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dium using TFE. The peptide was first studied at a low con-
centration (0.052 mM [0.1 mg/ml]) over a range of TFE con-
centrations. The spectra are shown in Fig. 6A. In the absence
of organic solvent, the peptide has a spectrum dominated by a
single negative peak with a minimum at 198 nm, characteristic
of unstructured coils. With increasing TFE concentrations, the
strength of the negative peak decreases and the minimum
red-shifts to 206 nm, with a concomitant increase in ellipticity
between 210 and 230 nm suggestive of increased structure in
the peptide. It is notable that the molar residual ellipticities at
different TFE concentrations all cross at the isodichroic point
of ~202 nm, suggestive of a two-state system in which the
peptide switches between two conformations as a function of
TFE concentration. The spectra were deconvoluted using Pep-

.ﬁ.@i |

FIG. 4. In vitro assembly properties of A16-99 AA364 Gag and A16-99 AV370 Gag. (A) A16-99 AA364 Gag (AA364) does not assemble
efficiently upon addition of nucleic acid. Increasing amounts of tRNA were added to A16-99 AA364 Gag or A16-99 AV370 Gag (AV370), and the
reactions were fractionated into supernatant and pellet. Protein in the pellets was quantitated by absorbance measurements as described in
Materials and Methods. (B) Negative-stain EM image of pellet from A16-99 AA364 Gag plus tRNA. (C) Negative-stain EM image of pellet from
A16-99 AV370 Gag plus tRNA. Scale bar, 100 nm.
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FIG. 5. (A) Result of MD simulation of the helical content of residues P356 to Q386 of Gag in a series of water-DMSO mixtures. Points on
the graph represent the mean helical contents; 50% of the events are contained within the error bars. (B) Helical content of individual residues
between A364 and M378 in water (open symbols) or 80% DMSO (closed symbols). (C) Helical wheel depiction of residues P356 to A378. Polar

residues are black, and nonpolar residues are gray.

fit, and the percent helix and percent coil from this analysis are
shown in Fig. 6B. The error bars depict the standard error
between the calculated estimates for the five best fits. It can be
seen that the peptide converts from largely coil to largely helix
as the TFE concentration increases. Maximal change is ob-
served in the range of 15% to 25% TFE.

While TFE and other halogenated alcohols are widely used
to promote a-helix formation, the mechanisms underlying this
effect are still not fully understood (12). Indeed, in certain
cases TFE induces helical structure in proteins which are pre-
dominantly B-structured (58). Therefore, we also altered the
dielectric constant with ethanol (EtOH) rather than TFE. We
found that the CD spectrum of the peptide responds to addi-
tion of EtOH (Fig. 6C) in a manner very similar to the TFE
response, with an isodichroic point of 202 nm. Analysis of these
spectra using Pepfit gave the results shown in Fig. 6D: like
TFE, ethanol appears to induce a transition in the peptide
from predominantly coil conformation to predominantly he-
lix conformation, approximately linearly between 10% and
50% ethanol. To eliminate any algorithm-related anomaly
in our analysis, the data were also analyzed by CONTIN and
CDSSTR; these results, which are shown in Fig. S2A and
B posted at http://home.ncifcrf.gov/hivdrp/Rein_publications
/JV2011DattaSupplemental.pdf, show that the algorithms also
indicate a shift from coil to helix with increasing EtOH con-
centrations. Similar results were also obtained with isopropa-
nol (data not shown).

Concentration-dependence of the CD spectra. Gag mole-
cules are at an extremely high local concentration in an assem-
bling VLP. It was therefore of interest to determine whether
the concentration of the free peptide might affect its confor-
mation. We repeated the EtOH titrations with the peptide at

0.52 mM, i.e., a concentration 10 times higher than that used in
the experiments shown in Fig. 6C and D. The results are shown
in Fig. 6E. Strikingly, we found that the spectra are quite
different at this peptide concentration. Two distinct phases are
observed in the titration. At low EtOH concentrations (Fig.
6E, left inset), there is a decrease in ellipticity at 198 nm and
an increase between 210 and 230 nm. This early part of the
titration shows a clear isodichroic point (206 nm). The spec-
trum at 25% EtOH already shows minima at 208 nm and 222
nm, characteristic of a-helices (18). Increasing the EtOH con-
centration above 50%, however, yields spectra with a single
minimum at 218 nm (Fig. 6E, right inset), characteristic of
B-sheet-rich structures (18). This concentration-dependent
shift in the response to EtOH is highlighted in Fig. 6F, in which
the ellipticity at 198 nm (from Fig. 6C and E) is plotted against
the ellipticity at 222 nm for the two peptide concentrations. It
can be seen that at 0.052 mM peptide, there is a linear rela-
tionship between the two values, suggestive of a simple two-
state transition; in contrast, at 0.52 mM peptide, the plot is
curved, reflecting further changes beyond a simple coil-helix
transition.

We also examined the CD spectra of the peptide at several
concentrations in an aqueous environment. As shown in Fig. 7,
when the peptide is diluted to 2.6 mM instead of 0.052 mM,
there is a shift in the wavelength of minimum ellipticity from
~198 nm to ~204 nm and appearance of a dichroic signal
between 210 and 230 nm, suggestive of structuring of the pep-
tide. However, the CD spectrum acquired immediately after
diluting the peptide to a higher concentration of 5 mM displays
a classic a-helical CD spectrum, with minimum ellipticities at
both ~211 and ~223 nm. The ratio of ellipticity at 222 nm and
208 nm of ~1 in this case suggests associating helices (42, 74).
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FIG. 6. Solvent-dependent change in secondary structure of the P356-T373 peptide, determined by CD spectroscopy as described in Materials
and Methods. (A) CD spectra of peptide at 0.052 mM as a function of TFE concentration. (B) Helix and coil contents from panel A, estimated
using Pepfit. (C) CD spectra of peptide at 0.052 mM as a function of EtOH concentration. (D) Helix and coil contents from panel C. (E) CD
spectra of peptide at 0.52 mM as a function of EtOH concentration. Insets show magnified spectra from 0 to 25% EtOH and 50 to 80% EtOH.
(F) Ellipticities at 198 nm versus ellipticities at 222 nm for peptide at 0.052 mM (from panel C) and 0.52 mM (from panel E) over a range of EtOH
concentrations. Values from 10% and 50% EtOH are indicated. deg, degree.

Acquisition of the spectrum at such a high concentration also
shows some absorbance flattening, suggestive of interpeptide
interactions (64). Over time, the CD spectrum displays a grad-
ual, time-dependent change in the spectrum, suggesting a grad-

0—»k
o
§ —10
£
=
_o04 — 0.052 mM
—2.6mM
. — 52 mM
-30 —— T
190 210 230 250

Wavelength (nm)

FIG. 7. Concentration-dependent changes in secondary structure
of the P356-T373 peptide. Representative CD spectra of the peptide
diluted to 0.052 mM, 2.6 mM, and 5.2 mM from a 10.4 mM stock
solution.

ual loss of helical content at this concentration (data not
shown). Experiments further characterizing these changes are
now under way.

DISCUSSION

The SP1 region of HIV-1 Gag is crucial for VLP assembly
(40) and is proposed to form a six-helix bundle in assembled
virions (69). This report documents two fundamental proper-
ties of the SP1 region of HIV-1 Gag protein. First, immature
particle assembly by HIV-1 Gag is extraordinarily sensitive to
changes in the first ~6 residues of SP1. Even minute changes
in this region, especially in the first 4 residues, completely
destroy the ability of the protein to assemble correctly in mam-
malian cells; rather, these mutant proteins misassemble into
tubes and, frequently, a variety of other structures. Our survey
(summarized in Table 1), along with prior results (1, 3, 44),
indicates that proper assembly probably requires a hydropho-
bic residue at position 364 (the first position in SP1); that E365
can be replaced with aspartate, glutamine, or alanine but not
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by glycine, proline, lysine, phenylalanine, or tryptophan; that
A366 can be replaced by tryptophan (A366V and A366T are
replication competent only in the presence of the drug PA-457
[4]) but not phenylalanine or a series of more disparate amino
acids; and that either leucine or tryptophan can replace me-
thionine at position 367, but phenylalanine here produces a
mixture of proper VLPs and irregular buds while all other
substitutions tested at this position were incompatible with
proper assembly. Both A366W and M367W retain some infec-
tivity (Table 2). Single-residue deletions of the first 4 residues
of SP1, which would affect the amphipathic nature of the
helix, destroy correct assembly. Moreover, helix-breakers
such as glycine and proline were not tolerated in any of
the positions tested. The sensitivity of assembly to subtle
changes in the SP1 sequence is exemplified by the difference
between M367F, which can produce some normal-looking
VLPs, and M367Y, which apparently cannot: evidently, addi-
tion of a hydroxyl group to the phenylalanine renders the
protein completely incapable of correct assembly (Table 1; see
also Fig. S1 posted at http://home.ncifcrf.gov/hivdrp/Rein
_publications/JV2011DattaSupplemental.pdf). Single-residue
deletions in SP1 have previously been tested for their effects on
virus replication capacity; the results correspond in general to
our observations on virus morphology (43).

Several observations suggested that many alterations of the
SP1 sequence not only prevent proper assembly but also re-
duce the strength of the Gag-Gag interactions underlying as-
sembly. Thus, we also found that under our experimental con-
ditions, assembly in vivo of AA364 Gag into pleomorphic
structures is apparently completely dependent upon N-termi-
nal myristylation and membrane association while, in contrast,
unmyristylated Gag with a WT SP1 sequence can assemble into
nearly spherical structures in the cytoplasm (Fig. 3). Similarly,
recombinant AA364 A16-99 Gag protein forms large pellet-
able structures upon addition of nucleic acid, but these struc-
tures are amorphous aggregates, not VLPs (Fig. 4B); interest-
ingly, they are also formed less efficiently than those assembled
from control A16-99 Gag protein (Fig. 4A). AV370 A16-99
Gag resembles A16-99 Gag in both of these respects (Fig. 4A
and C). AA364 Gag is also capable of somewhat inefficient
coassembly with WT Gag when the two proteins are coex-
pressed in vivo (Fig. 3). The misassembly of a similar mutant,
AE365, is not corrected by replacement of NC, SP2, and p6
with a leucine zipper motif (data not shown). Taken together,
these observations highlight the fact that the correct interac-
tions between Gag proteins leading to VLP formation depend
upon the correct sequence of the N-terminal region of SP1.

The second basic result presented here is the sensitivity of
SP1 structure to environmental conditions. This was evident
both from MD simulations of the SP1 sequence over a range of
DMSO concentrations and from CD spectroscopy on an 18-
residue peptide spanning the CA-SP1 junction in a series of
TFE or EtOH concentrations or as a function of peptide con-
centration in an aqueous environment. The MD simulations
suggest that the sequence would undergo a concerted coil-helix
transition as a function of environmental dielectric conditions.
Interestingly, the residues in SP1 (A364 to M378) all have
equally high propensities for helix formation. The ability to
adopt an a-helical conformation in TFE is consistent with the
prior work of Morellet et al. (50). However, our experiments
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underscore the intrinsic helix-forming properties of the se-
quence, since they were performed with a short peptide under
dilute conditions, and extend the observation to EtOH, which
in general does not promote a-helix formation as potently as
TFE. If SP1 were to adopt a helical structure, it would be
amphipathic (Fig. 5C) and have a strong helical hydrophobic
moment (25). Such a sequence would be especially sensitive to
environmental conditions, and in aqueous environments the
hydrophobic face of the helix would promote self-association
of the peptide along with helix formation. The ratio of the
ellipticity at 222 nm and 208 nm for the peptide at 0.052 mM
in TFE (60%) and ethanol (80%) is <0.86; this is indicative of
the formation of isolated helices (42, 74). The conversion to an
a-helical conformation in solutions containing EtOH was en-
hanced at elevated peptide concentrations (Fig. 6E and F),
where a helical structure is formed at intermediate EtOH
concentrations and then a B-sheet-like structure is formed at
high EtOH. The ratio of ellipticity at 222 nm and 208 nm at
40% EtOH is ~1, as observed with associating helices and
coiled coils (42, 74). Indeed, when the peptide was diluted to
10 mg/ml (i.e., ~5 mM) in a purely aqueous buffer, it under-
went a remarkable structural transition, displaying a classic
a-helical CD profile (Fig. 7); this suggests that in the absence
of external influences, self-association and helical formation go
hand in hand.

The structure of immature HIV-1 particles has recently been
analyzed in detail by electron cryotomography (11, 69). These
studies found that the Gag molecules are arranged in a hexa-
meric lattice in the particles, with the CA domains in the lattice
forming a ring around a central hole. A pillar of density is
present just “beneath” (i.e., toward the interior of the particle)
this hole; it was suggested that this density is a six-helix bundle
of SP1 domains. To our knowledge, the only six-helix bundle
described to date is in cucumber mosaic virus particles, with
leucine residues on the inner “face” of each helix (59). Our
data do not address the lattice structure directly, but the re-
markable dependence of HIV-1 assembly upon the precise
sequence of the N-terminal 5 to 6 residues of SP1 (Fig. 1 to 4
and Table 1) strongly implies that the side chains in this region
of the Gag protein are in intimate contact with each other in
assembled particles. Further, the change in conformation seen
at high concentrations of the isolated SP1 peptide (Fig. 7) is a
strong indication of peptide-peptide interactions.

Why might SP1 be so important for proper assembly? It
should be noted that HIV-1 assembly generally requires the
presence of nucleic acid (14); this function can be fulfilled in
vitro by oligonucleotides (14), which are presumably only long
enough to bind a few Gag molecules. Further, the nucleic acid
requirement can be eliminated if the NC domain (the principal
nucleic acid-binding domain) is replaced with a leucine zipper
motif (2, 19, 37, 73). These observations imply that the function
of the nucleic acid in assembly is to induce oligomerization of
Gag molecules at or near their C termini. The interfaces lead-
ing to assembly are probably all within the CA and SP1 do-
mains (5, 10, 19, 41). Thus, exposure of these interfaces ap-
parently depends upon transmission of a signal, triggered by
oligomerization, from the C-terminal region of Gag toward the
CA domain. Similarly, in the alpharetrovirus Rous sarcoma
virus (RSV), the C-terminal domain of CA in Gag protein
appears to adopt an assembly-competent conformation upon
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interaction of Gag with short oligonucleotides (47, 48). It
seems possible that the SP1 domain in HIV, which is clearly
capable of assuming alternative conformations (Fig. 5 to 7),
acts as a switch whose structure changes when the C-terminal
region of Gag oligomerizes. The abrupt shift in CD spectrum
in aqueous buffer when the peptide was tested at 5.2 mM,
rather than lower concentrations (Fig. 7), is completely con-
sistent with this idea. It is intriguing that somewhat analogous
behavior has also been described in the p12 protein of Mason-
Pfizer monkey virus (MPMYV), a betaretrovirus (39).

One model consistent with the data is that association of
Gag molecules near their C termini induces a conformational
change in SP1, as shown in Fig. 7; in turn, this change could be
“propagated” into the C-terminal subdomain of the CA do-
main. The latter region of the protein contains crucial inter-
faces responsible for immature particle structure, and a recent
MD study suggests that it plays a preeminent role in stabilizing
the Gag lattice in the immature particle (8, 9).

Finally, it is of interest to consider the possible generality of
these phenomena. A recent comparison of the region corre-
sponding to SP1 in immature lattices of HIV, RSV, and
MPMYV reveals somewhat different geometries (24). However,
in all retroviruses tested, including avian leukosis virus (37, 38),
bovine immunodeficiency virus (33), and murine leukemia vi-
rus (MLV) (16, 53), as well as HIV-1, changes at or near the C
terminus of the CA domain are extremely detrimental for
correct particle assembly. In MLV, which does not contain a
spacer between CA and NC, the C-terminal end of CA con-
sists of an extraordinary run of charged residues, termed the
“charged assembly helix” or “electric wire” motif (16). If this
motif were to adopt an a-helical conformation, the positively
and negatively charged residues would be positioned as bands
on the helix. Remarkably, deletions which would remove inte-
gral numbers of turns from this helix are frequently compatible
with correct assembly and infectivity while other deletions
drastically disrupt assembly (16). (We also tested an analogous
set of deletions in HIV-1 SP1, but none of them assembled
correctly [data not shown]). Thus, although the nature of the
residues at this position in MLV is quite different from the
residues in HIV-1 and although there is only a single matura-
tion cleavage between CA and NC in this virus, these results
suggest that in MLV, as well as in HIV-1, the ability to form an
amphipathic helix connecting the “body” of the CA domain
with the NC domain is critical for assembly. Further studies are
necessary to investigate whether the molecular switch-like be-
havior observed with SP1 is a broadly applicable mechanism in
retroviral assembly.
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