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ABSTRACT

Purified retroviral Gag proteins can assemble in vitro to form immature virus-like particles (VLPs). By cryoelectron tomogra-
phy, Rous sarcoma virus VLPs show an organized hexameric lattice consisting chiefly of the capsid (CA) domain, with periodic
stalk-like densities below the lattice. We hypothesize that the structure represented by these densities is formed by amino acid
residues immediately downstream of the folded CA, namely, the short spacer peptide SP, along with a dozen flanking residues.
These 24 residues comprise the SP assembly (SPA) domain, and we propose that neighboring SPA units in a Gag hexamer co-
alesce to form a six-helix bundle. Using in vitro assembly, alanine scanning mutagenesis, and biophysical analyses, we have fur-
ther characterized the structure and function of SPA. Most of the amino acid residues in SPA could not be mutated individually
without abrogating assembly, with the exception of a few residues near the N and C termini, as well as three hydrophilic residues
within SPA. We interpret these results to mean that the amino acids that do not tolerate mutations contribute to higher-order
structures in VLPs. Hydrogen-deuterium exchange analyses of unassembled Gag compared that of assembled VLPs showed
strong protection at the SPA region, consistent with a higher-order structure. Circular dichroism revealed that a 29mer SPA pep-
tide shifts from a random coil to a helix in a concentration-dependent manner. Analytical ultracentrifugation showed concentra-
tion-dependent self-association of the peptide into a hexamer. Taken together, these results provide strong evidence for the for-
mation of a critical six-helix bundle in Gag assembly.

IMPORTANCE

The structure of a retrovirus like HIV is created by several thousand molecules of the viral Gag protein, which assemble to form
the known hexagonal protein lattice in the virus particle. How the Gag proteins pack together in the lattice is incompletely un-
derstood. A short segment of Gag known to be critical for proper assembly has been hypothesized to form a six-helix bundle,
which may be the nucleating event that leads to lattice formation. The experiments reported here, using the avian Rous sarcoma
virus as a model system, further define the nature of this segment of Gag, show that it is in a higher-order structure in the virus
particle, and provide the first direct evidence that it forms a six-helix bundle in retrovirus assembly. Such knowledge may pro-
vide underpinnings for the development of antiretroviral drugs that interfere with virus assembly.

The orthoretroviral Gag protein self-associates to form the im-
mature retroviral core during assembly. Gag is a polyprotein con-

sisting of the major domains MA (matrix), CA (capsid), and NC
(nucleocapsid), as well as several minor domains that differ among
retroviruses. During the late stages of the virus life cycle, retroviral
particles bud from the infected cell and maturation takes place. The
transition from the immature Gag core to the mature CA capsid is
brought about by the retroviral protease (PR)-mediated cleavage of
Gag during or soon after budding. Proteolysis of Gag releases its con-
stituent protein domains. The liberated CA protein then reassembles
to form the shell of the mature capsid (1, 2).

Both immature Gag assembly and mature CA assembly can be
recapitulated in vitro using purified proteins. Mature in vitro as-
sembly has been established using purified CA protein from len-
tiviruses (3, 4) and alpharetroviruses (5–8). The products of ma-
ture assembly can take on a variety of morphologies, including
cones, tubes, or smaller polyhedral structures under specific pH
and salt conditions. Although the tubes are not outwardly similar
to mature capsids, they conserve the CA lattice observed in retro-
viral protein cores (9, 10). Immature virus-like particles (VLPs)
have been successfully assembled using purified Gag-derived pro-
teins from members of the Lentiviridae (1, 11–15), Alpharetroviri-
dae (16–20), Betaretroviridae (21–23), and Gammaretroviridae

(24, 25) genera. Immature assembly usually yields spherical par-
ticles, with the exception of Mason-Pfizer monkey virus (MPMV),
which is able to form tubes under certain conditions (26, 27).
VLPs formed by in vitro assembly are structurally comparable to
immature virions collected from infected cells (1, 2, 10, 28–30),
lacking only the viral membrane.

The immature Gag viral core and the mature CA capsid have a
similar protein lattice composed of hexameric subunits. The im-
mature Gag lattice curves into an incomplete sphere in the imma-
ture viral core (30–32), while the mature CA lattice closes into a
fullerene structure by incorporating 12 pentameric CA subunits
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into the mature core shell (7, 9, 10, 33). In both the immature and
mature lattices, the two independently folding domains of CA, the
N-terminal domain (CANTD) and the C-terminal domain
(CACTD), are the main constituents of the hexameric lattice sub-
units, and these same domains also make up the pentameric lattice
subunits in the mature capsid (7, 27, 32, 34–37). Although the
general lattice geometry is similar in immature and mature retro-
viral cores, the details of the CA lattice show several differences.
First, the spacing between hexamers is 8 nm in the immature lat-
tice and 9 nm in the mature lattice (1, 38). Second, in VLPs and
hexamers reconstructed using a variety of techniques, including
cryoelectron tomography (cryo-ET) and crystallography, imma-
ture CANTD hexamers differ from their mature counterparts both
in intrahexameric protein-protein contacts and interhexameric
lattice contacts (1, 7, 27, 30, 34–43). For example, the extensive
CANTD-CACTD contacts observed in the mature hexamer are not
present in the immature hexamer. Also, in the mature hexamer
the intrahexamer contacts are mediated by CANTD-CANTD con-
tacts, while interhexamer contacts are formed by CACTD-CACTD

interactions. In contrast, the immature hexamer uses primarily
CACTD-CACTD for interhexamer interactions and both CACTD-
CACTD and CANTD-CANTD interactions for intrahexamer inter-
faces (27, 30, 34, 36, 37, 40, 44, 45). These differences in protein-
protein contacts result in part from intermolecular interactions
that are absent from the cleaved CA protein. In the case of Rous
sarcoma virus (RSV), mutational studies in Gag, including disul-
fide cross-linking followed by structural modeling, showed that
one such critical interaction takes place between p10, the domain
immediately upstream of CA, and CANTD; this interaction serves
to stabilize the immature hexamer (17, 20, 46, 47).

The spacer peptide is a minor cleavage product of Gag found in
alpharetroviruses and lentiviruses. In RSV Gag, the spacer pep-
tide, known as the SP domain, is located immediately downstream
of CA, while in HIV-1 the homologous peptide is called SP1.
Kräusslich et al. were the first to propose that HIV-1 SP1 plays a
part in forming a transient assembly domain leading to a critical
intermolecular interaction during immature assembly (48). This
hypothesis was further extended by Accola et al., who proposed
that the disruption of a helix spanning the HIV-1 CA-SP1 junc-
tion is required for proper mature assembly (49). Later studies
using cryo-ET reconstructions of immature RSV and HIV-1 VLP
lattices revealed a pillar-like density located at the center of each
immature hexamer below the densities assigned to CACTD (32,
35). This pillar-like density was originally hypothesized by Wright
et al. to be formed by a six-helix bundle (6HB) that contributes to
the stability of an immature Gag hexamer (35). For both RSV and
HIV-1, secondary structure predictions assign amino acids in-
cluding and immediately flanking the spacer peptide domain as a
single amphipathic helix (32, 49–52). The prediction that se-
quences downstream of the known structured region of CACTD

form an alpha helix is not limited to alpharetroviruses and lenti-
viruses. In gammaretroviruses, a highly charged region at the very
end of CA also has been inferred to form an �-helix (53), although
there is no cleaved spacer peptide. Amino acids in this region can
be deleted without affecting viral assembly, as long as the deletions
allow conservation of the original helical phase.

The nuclear magnetic resonance (NMR) structure of a peptide
corresponding to HIV-1 SP1 and eight adjoining amino acids re-
vealed that this region has the ability to form an amphipathic helix
under certain conditions, although the biological relevance of this

structure has been questioned, as it was solved in the presence of
30% trifluoroethanol (TFE), a helix-stabilizing solvent (50). A
more recent study using a different HIV-1 peptide encompassing
the last eight amino acids of CA and the N-terminal two-thirds of
SP1 showed a clear shift in the circular dichroism (CD) spectrum
from unstructured peptide to alpha helix when the peptide con-
centration was increased to a level comparable to the high local
protein concentration found in an assembling virion. The authors
interpreted that finding to mean that SP1 acts as a conformational
switch that is relatively unstructured until viral assembly increases
the local concentration of Gag, at which point SP1 adopts a more
helical conformation to form essential interacting surfaces that
promote assembly (52).

Previous work using RSV allowed our laboratory to define a
similar critical region for immature assembly, starting just down-
stream of the structured CACTD and extending into SP. Using
mutational analyses combined with baculovirus-mediated Gag
expression in insect cells, the SP assembly (SPA) domain was
found to include the last eight amino acids of CA, all of SP, and the
first four residues of NC (51). Although RSV SPA and HIV-1 SP1
share little sequence homology, their proposed structural role as a
molecular switch in stabilizing the immature retroviral hexamer is
likely to be similar.

In this paper, we mapped the predicted RSV SPA amphipathic
helix by mutating single amino acids to alanine or serine and iden-
tified residues that may be involved in the putative helical bundle.
We also performed biophysical analyses on in vitro-assembled
VLPs, unassembled Gag protein, and a peptide encompassing the
SPA domain. The data imply that a stable ultrastructural element
in the SP region of assembled VLPs self-associates in a concentra-
tion-dependent manner into a hexamer. Based on these data, we
have modeled the SPA helix onto an existing 6HB structure and
have shown that the residues critical to immature assembly, as
identified by our mutational studies, appear able to interact with
each other. These findings lend strong support for the role of 6HB
downstream of the structured CACTD in the formation of the im-
mature viral core.

MATERIALS AND METHODS
DNA constructs. All single-amino-acid mutations were made using site-
directed mutagenesis and the previously described �MBD.�BlpI.pET3xc
construct (47), which was derived from the �MBD.pET3xc plasmid (17).
The mutations D472A-I475A were made by replacing the BlpI/SacII frag-
ment of �MBD.�BlpI.pET3xc with the products of site-directed mu-
tagenesis. A476S-A478S mutations were made by replacing the BlpI/KpnI
fragment using two-step PCR products containing the desired mutation.
M479A-N492A mutations were made by replacing the SacII/KpnI fragment
with products of site-directed mutagenesis. All PCR products were am-
plified using �MBD.�BlpI.pET3xc as the template. All final constructs
used for protein expression were confirmed by sequencing.

Protein purification, in vitro assembly, and electron microscopy
(EM). Single-amino-acid mutants of �MBD�PR were expressed and pu-
rified as previously described (47). Concentrations of the purified pro-
teins were determined by spectrophotometric measurements using either
a Pharmacia Biotech Ultrospec 2000 or a Thermo Scientific NanoDrop
2000. When concentrations were equal to or above 5 mg/ml, the protein
was assembled by dilution to 1 mg/ml in 50 mM morpholineethanesulfo-
nic acid (MES), pH 6.5, after additions of 10% (wt/wt) of the single-
stranded DNA (ssDNA) GT50 (a 50mer oligonucleotide composed of 25
GT repeats). Assembly reactions were complete after incubating at room
temperature for 15 min. When the protein concentration was below 5
mg/ml, assembly was performed by first diluting the protein to 1 mg/ml in
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50 mM MES, 100 mM NaCl, pH 6.5. GT50 was added (10%, wt/wt), and
50 �l of the protein-oligonucleotide mix was dialyzed overnight at 4°C
against 50 mM MES, 100 mM NaCl, pH 6.5. Ten microliters of each
assembly reaction was spotted onto a carbon-Formvar-coated copper grid
for 1 min and then stained using a 2% uranyl acetate solution for 1 min.
The samples were examined using a Morgagni 268 transmission electron
microscope.

Hydrogen-deuterium exchange. In order to isolate assembled
�MBD�PR (hereafter referred to as �MBD) particles, assembly solutions
were pelleted at 5,000 � g for 5 min and resuspended to a concentration of
�1 mg/ml in assembly buffer (37.5 mM MES, 100 mM NaCl, pH 6.5).
Monomeric proteins were also diluted to 1 mg/ml (in 37.5 mM MES, 500
mM NaCl, pH 7.5) prior to the exchange experiments. All exchange ex-
periments were performed in a randomized, automated manner with a
LEAP HDX robot (LEAP Technologies, Carrboro, NC). To initiate hydro-
gen/deuterium (H/D) exchange, 2 �l of assembled or monomeric �MBD
samples were diluted into 20 �l of deuterated buffer (37.5 mM MES,
pDmeasured 6.12) containing 100 mM NaCl for assembled samples and 500
mM for monomeric samples (to prevent assembly during the exchange
period) at 20°C. Following a set period of exchange, the exchange reaction
was quenched via the addition of formic acid (1% final concentration) at
1°C prior to digestion with pepsin (1 mg/ml) for 2 min. Digested samples
were then separated on a Synergi Fusion-RP column (50 by 2 mm, 1.5-�m
volume) with a 15-min gradient (at increments of 50 �l/min; 0 to 70%
acetonitrile [ACN], 0.1% formic acid) and electrosprayed into a 7T
LTQ-FT mass spectrometer (Thermo Fisher Scientific, Waltham, MA).
Exchanged peptides were identified via exact mass measurements for the
H/D exchange experiments based on peptide identifications determined
by tandem mass spectrometry (MS/MS) sequencing of nonexchanged
peptides.

The level of deuterium incorporation at each time point of exchange
was determined by calculating the centroid from the isotopic distribution
for each peptide with the HD Desktop software package (54). Exchange
plots were then plotted for the measured values of deuteron incorporation
versus time to allow for comparisons to be made between peptides from
the monomeric and assembled �MBD samples.

Peptide synthesis and circular dichroism. The 28- or 29-amino-acid
SPApep, which encompasses residues P469 to D496 of RSV Gag with or
without an exogenous cysteine, was purchased from the Tufts University
Core Facility. The peptide was synthesized using FastMoc chemistry on an
ABI 431 peptide synthesizer and further purified by high-performance
liquid chromatography (HPLC). For TFE-dependent structural studies,
the purified, lyophilized peptide was resuspended in distilled H2O to a
concentration of 10 mg/ml. The peptide concentration was calculated by
measuring absorbance at 205 nm and using an extinction coefficient of 31
for 1 mg/ml (55). SPApep was diluted into 10 mM sodium phosphate
buffer, pH 6.5, 0 to 30% TFE just prior to recording the CD spectrum.
Data were collected in the region of 190 to 250 nm with a 1-mm-path-
length Hellma quartz cell and an AVIV 202 CD spectrometer (25°C, 1-nm
wavelength step, 10-s averaging time). For concentration-dependent
studies in aqueous buffer, SPApep and SPAmut, the 28-amino-acid pep-
tide bearing the I475A mutation, were diluted into phosphate-buffered
saline (PBS) and measured using a Jasco J-810 CD spectrometer (25°C or
37°C, 1-nm wavelength step, 8-s averaging time) and a 1-mm-path-length
Hellma quartz cell. For CD measurements at high peptide concentrations
(10 mg/ml), a quartz cell with a shorter path length (0.1 mm) was used.

The percent helicity was calculated using an Excel version of PEPFIT,
generously provided by Michael Amon (56, 57). For each CD spectrum,
the best fit was obtained by selecting a counter setting of 4 for the initial
round of analysis and eliminating reference curves that do not contribute
to the spectrum. A second round of fitting was performed using a counter
setting of 1. For each peptide concentration, the percent �-helix value was
taken from the best fit.

Model of six-helix bundle. The model was built using Swiss PDB
Viewer. The raw amino acid sequence of the 28-residue SPApep (without

the exogenous cysteine) was imported into Swiss PDB Viewer. The pro-
gram automatically assigned residues L470 to R495 as �-helical and showed
SPApep as a single helix. The SPApep helix was spatially aligned with each
individual chain of CChex (Protein Data Bank [PDB] code 3R47) using the
Iterative Magic Fit tool, taking all atoms into consideration for the initial
alignment. The six resulting SPApep helices were then subjected to energy
minimization three times to minimize side chain clashes.

Analytical ultracentrifugation. Lyophilized SPApep was dissolved in
PBS to a final concentration of 11 mg/ml. Dilutions of 1, 5, and 10 mg/ml
were prepared from the stock solution with a total volume of 400 �l per
concentration. Centrifugation was performed with epon centerpieces
(Spin Analytical) and sapphire windows. The transmittance of light
through the sapphire windows in the far-UV spectrum was confirmed
prior to performing the experiment. In each centrifuge cell, 380 �l of each
SPApep dilution and 400 �l of reference (PBS) were combined. Centrif-
ugation was performed at 40,000 rpm in an An60-Ti rotor in a Beckman-
Coulter XL-A analytical ultracentrifuge, monitoring sedimentation of the
1, 5, and 10 mg/ml samples at 240, 245, and 248 nm, respectively. Scans
were collected every 4 min. The data were analyzed using Peter Schuck’s
SEDFIT (www.analyticalultracentrifugation.com) using the c(s) and
c(s,ff0) models. The density and viscosity of PBS were estimated with
SEDNTERP (http://bitcwiki.sr.unh.edu/index.php/Main_Page) to be
1.0053 g/ml and 0.010189 P, respectively. The partial specific volume of
SPApep was estimated from the peptide sequence to be 0.741 ml/g using
SEDNTERP.

Secondary structure prediction. Secondary structure predictions
were performed using Psipred (http://bioinf.cs.ucl.ac.uk/psipred/). The
Gag sequence spanning the N terminus of CA to the first cysteine of the
first zinc knuckle of NC was selected and analyzed for at least one species
from each retroviral genus.

RESULTS
Single-amino-acid mutations in the RSV SPA domain. To guide
structural studies of the RSV SPA domain, a string of amino acids,
including SP and adjoining sequences, was submitted to PsiPred
(http://bioinf.cs.ucl.ac.uk/psipred/) for secondary structure pre-
diction. Similar to previously reported results (51), 21 residues,
including the C-terminal five residues of CA, all of SP, and the
N-terminal four residues of NC, were predicted to form an �-helix
(Fig. 1A). We have termed this predicted structure the SPA helix.
The region surrounding SP and its role in immature assembly
have been studied previously using five- or two-amino-acid inser-
tion mutations coupled with baculovirus-mediated expression of
Gag in insect cells (51), that study showed the entire domain to be
indispensable for assembly and defined the boundaries of the SPA
domain.

Our current interest is the structural contribution of the pre-
dicted SPA helix to the immature core. More specifically, we
wanted to know if the SPA helix is able to form a 6HB. To further
probe the structural function of the SPA helix, we performed ala-
nine scanning mutagenesis on its 21 constituent residues (existing
alanines were mutated to serines). Each single-amino-acid muta-
tion was made in a well-characterized, truncated version of Gag
known as �MBD�PR (Fig. 1A) that has been previously shown to
assemble robustly in vitro and to form VLPs nearly identical to
wild-type immature virions (2, 16, 17, 47, 58). The mutant pro-
teins were expressed in Escherichia coli, purified, and placed in
assembly conditions in the presence of a 50-nucleotide (nt) DNA
oligonucleotide. Negative-stain transmission electron microscopy
(TEM) was used to evaluate the ability of the proteins to assemble.
The mutants were scored as either positive or negative for assem-
bly based on the presence or absence of VLPs, and each protein
purification and assembly was performed at least twice.
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Table 1 summarizes the results of this mutagenesis. Assembly-
positive mutants were defined as mutations that resulted in at least
five VLPs per EM grid. Assembly of the wild-type protein
�MBD�PR was used as a control and invariably resulted in many
VLPs per field (Fig. 1B). The assembly-negative phenotype usually
appeared as large regions of protein aggregation with no sign of
VLPs (representative example is shown in Fig. 1C). Some assem-
bly-positive mutants could assemble at near wild-type efficiency,

but more often they produced fewer particles than �MBD�PR
assembly (Fig. 1D). None of the mutations resulted in intermedi-
ate morphology, for example, tubular assembly.

Residues around and including RSV SP form an amphipathic
helix when plotted into a helical wheel (32). We generated a helical
wheel using the predicted SPA helix sequence and found that this
longer sequence also forms an amphipathic helix with a large hy-
drophobic face and a smaller hydrophilic face (Fig. 2A). With the
exception of D472A (the first residue on the helical wheel), all of the
mutations that did not disrupt assembly (indicated by asterisks)
are located on the hydrophilic face of the helix. Furthermore, it
appears that every residue on the hydrophilic face except Q484 can
be mutated without compromising assembly. This finding is in
agreement with the idea that the SPA helix contributes to imma-
ture assembly by forming an amphipathic helix that mediates
Gag-Gag interaction through hydrophobic contacts.

Hypothetical model of putative RSV SPA six-helix bundle.
When RSV VLPs are studied using electron microscopy, the im-
mature Gag hexamer appears to consist of six Gag molecules in-
teracting laterally (32). This arrangement is a conserved property
of Gag assembly and has been confirmed for other retroviruses
that have been studied at this level, notably MPMV and HIV-1
(27, 30–32, 35, 42, 59, 60). As the results from our mutations
indicate that the SPA helix can form an amphipathic helix in im-
mature assembly, we hypothesized that six of these helices orga-
nize into a parallel six-helix bundle, as originally suggested for
HIV-1 by Wright et al. (35), and that opposing sides of the large
hydrophobic face are involved in contacts that tie the bundle to-
gether (Fig. 2B; opposing sides are designated I and II). In this
model, the hydrophilic face of each helix is oriented toward the
outside of the helical bundle; therefore, it is not involved in inter-
helix contacts, explaining its lack of sensitivity to mutation.

Hydrogen-deuterium exchange on �MBD protein and
VLPs. The data from our point mutations suggest that the SPA helix

p2
p10 CA

SP
NCΔMBD

DQGIA AAMSSAIQPLIM AVVN
SPCA NC

472 492

ΔMBDΔPR A478S M488A 

A

B C D

FIG 1 RSV SP predicted helix and point mutations. (A) Schematic diagram of the RSV SP predicted helical sequence. Each residue within the predicted helix was
mutated to alanine or serine. All mutations were made within �MBD�PR, a truncated version of RSV Gag that contains a deletion of the membrane-binding
domain (MBD) of MA and of the PR domain. (B to D) Examples of observed in vitro assembly using negative-stain EM. �MBD�PR, wild-type protein (control);
A478S, assembly-negative mutant; M488A, assembly-positive mutant. Scale bars are 500 nm.

TABLE 1 Mutations in the SP predicted helix and their effects on in
vitro assemblya

Mutation Assembly

D472A �
Q473A �
G474A �
I475A �
A476S �
A477S �
A478S �
M479A �
S480A �
S481A �
A482S �
I483A �
Q484A �
P485A �
L486A �
I487A �
M488A �
A489S �
V490A �
V491A �
N492A �
a �MBD�PR containing point mutations was assembled in vitro. Mutations that did
not affect assembly are marked as plusses, while mutants that abrogated assembly are
marked as minuses.
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is capable of forming homotypic interactions with neighboring SPA
helices in the context of an assembled RSV VLP. To further probe the
structural contribution of the SPA helix in assembly, we used hydro-
gen-deuterium exchange mass spectrometry (HDX MS) to examine
this segment of Gag, comparing free �MBD�PR protein to assem-
bled VLPs. HDX MS allows the monitoring of protein structure and
dynamics by measuring the rates of exchange of protein backbone
amide hydrogens with hydrogens from the solvent. By diluting pro-
tein into a deuterated buffer, these exchange events result in a 1-Da
mass shift (H to D) for each exposed amide, which is readily detect-
able with mass spectrometry. The rate of this exchange is dependent
on secondary, tertiary, and quaternary structure. H atoms in regions
of a protein involved in more stable folds and interactions will ex-
change more slowly than H atoms in regions that form less stable
structural elements. While this technique cannot provide explicit
structural detail, comparisons of exchange patterns provide valuable
insight into the dynamics, stability, and intermolecular interfaces of
protein assemblies, especially in those cases where the atomic-level
structure of a protein is unknown.

We compared the HDX profiles of the RSV �MBD protein in
unassembled and assembled (VLP) forms. The exchange plots il-
lustrate notable variations in assembly across the two states. Sev-
eral peptides arising from helices 1 to 3 in the CANTD and helices 8
and 9 in the CACTD showed reduced exchange in the assembled
state (data not shown), consistent with current models of the in-
termolecular interfaces present in the capsid lattice. This reduced
rate of exchange is very similar to the level of protection observed
by HDX of HIV-1 VLPs (61). Most important, comparisons of
peptides from the SP domain showed very high levels of protec-
tion following assembly (Fig. 3). This level of protection is sugges-
tive of a very stable ultrastructural element and is consistent with
the proposed helical bundle motif (32). Although we were not able
to find a peptide that spanned the entire length of the SPA helix,
we were able to examine two relevant peptides: a longer fragment
spanning residues 477 to 488 (AAMSSAIQPLIM) and a shorter
one including residues 482 to 488 (AIQPLIM). Both showed very
similar exchange and protection patterns (Fig. 3). This result in-
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FIG 2 Model of the RSV SPA amphipathic helix and putative six-helix bundle.
(A) A helical wheel representation of the predicted SP helix (enumerated ac-
cording to each residue’s position within full-length RSV Gag). Polar, un-
charged residues are green, negatively charged residues are pink, and nonpo-
lar/hydrophobic residues are yellow. Residues indicated by asterisks can be
mutated without abrogating in vitro assembly. (B) The proposed organization
of the putative six-helix bundle. The Roman numerals I and II designate op-
posite but putatively interacting sides of the large hydrophobic face.
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dicates that the structural stability afforded by the assembled lat-
tice entails the complete SP domain and not just the N- or C-ter-
minal portion. Furthermore, the low level of protection of the
same region observed in the unassembled protein suggests that
this region is unstructured before assembly, consistent with pre-
viously published structures of CA or CA fragments that showed
an unstructured coil downstream of CACTD helix 11 (6, 62, 63).

Circular dichroism spectroscopy of SPApep and SPAmut. To
investigate the mechanism underlying the structural transforma-
tion of the SPA helix during assembly, we performed CD spectros-
copy on a 29-amino-acid peptide termed SPApep (PLTDQGIAA
AMSSAQIPLIMAVVNRERDC). It includes the last eight residues
of CA, all of SP, the first eight residues of NC, and an extra C-ter-
minal ectopic cysteine residue for potential future labeling exper-
iments. Preliminary experiments (Fig. 4A) in the presence and
absence of 1 mM tris(2-carboxyethyl)phosphine (TCEP; a reduc-
ing agent) revealed no difference in the CD spectra. Therefore, we
inferred that the additional cysteine residue does not interfere
with peptide structure (data not shown).

We measured the CD spectra of SPApep at various concentra-
tions in aqueous buffer, from 0.033 mM (0.1 mg/ml) to 3.3 mM
(10 mg/ml). Previously published work showed that the CD spec-
tra of a similar peptide based on the HIV-1 SP1 region became
more helical as peptide concentration was increased (52). Due to
the structural similarity between HIV-1 and RSV VLPs (2, 32), we
predicted that SPApep should exhibit similar behavior when its
concentration is increased. Indeed, the CD spectrum of SPApep
began to shift from coil to helix at 1.6 mM (5 mg/ml) and became
significantly more helical at 3.3 mM (Fig. 4B and C). At 3.3 mM, a
noticeable maximum at 197 nm and local minima at 206 nm and
222 nm appeared in the spectrum, with the calculated helicity of
the peptide increasing to 23% (Fig. 4C). SPApep became more
�-helical at a concentration similar to what was previously re-
ported using the HIV-1 SP1 peptide (52). Our finding suggests
that the SPA helix region becomes more structured within an as-
sembling virus particle, where the local Gag concentration might
reach values around 4 mM, as roughly calculated using an average
immature viral diameter of 129 nm and 2,500 Gag proteins per
virion (2). To definitively rule out any contribution of cysteine
cross-linking leading to unwanted nucleation, we repeated the CD
measurements using a version of SPApep that did not contain the
exogenous cysteine and saw nearly identical CD spectra for the
cysteine-free peptide (data not shown).

The structure of peptides can be very different in isolation
compared to the structure that the same sequence may adopt as
part of a full-length protein. To validate our hypothesis that the
concentration-driven increase in helicity in SPApep is biologically
relevant, we measured the CD spectra of a 28-amino-acid mutant
peptide, SPAmut (PLTDQGAAAAMSSAIQPLIMAVVNRERD),
bearing the I475A point mutation shown to abrogate assembly us-
ing �MBD�PR in vitro assembly. Upon dilution of the lyophilized
SPAmut into PBS to a concentration of 10 mg/ml, SPAmut
formed a thick gel. Upon further dilution or increasing tempera-
ture, SPAmut became more soluble but remained highly viscous.
We did not observe this phenomenon with SPApep even at the
highest concentrations. Therefore, it was immediately obvious
that SPAmut forms a different secondary structure than SPApep
and likely forms additional intermolecular interactions in solu-
tion to form a peptide gel. We performed CD on SPAmut and
SPApep at 37°C and saw a clear difference in the structures of the

two peptides at the highest concentration. While SPApep adopted
a more helical conformation, as expected, SPAmut took on a beta-
sheet-like conformation with a negative band near 220 nm (Fig.
4A, inset).

To further probe the concentration-dependent structural tran-
sition of SPApep, we analyzed the conformation of SPApep in the
presence and absence of trifluoroethanol (TFE) with various pep-
tide concentrations (Fig. 4D to G). It had been shown that another
peptide that includes HIV-1 SP1 takes on an amphipathic �-heli-
cal structure in 30% TFE, as determined by NMR (50). Although
TFE is often used as a helix-stabilizing solvent in NMR and CD
studies (64), it can induce nonnative �-helical structures (65).
This becomes particularly relevant with peptides, where nonlocal
interactions that stabilize the native protein conformation are
nonexistent (66–68). We diluted SPApep into solvent containing
0% to 30% TFE to a final concentration of either 0.033 mM (Fig.
4F and G) or 0.20 mM (Fig. 4D and E) and measured the CD
spectra. At 0.033 mM, SPApep showed significantly increased he-
licity in 20% TFE, which is lower than the concentration used to
induce helix formation in the aforementioned HIV-1 SP1 study.
At a peptide concentration of 0.20 mM, a clear coil-to-helix tran-
sition took place in 15% TFE. In summary, these results reveal that
with SPApep, both the increase in peptide concentration and ad-
dition of TFE can independently induce helix formation, and that
these two variables have additive effects.

Analytical ultracentrifugation of SPA peptide. We employed
sedimentation velocity analytical ultracentrifugation experiments
to directly probe SPApep oligomerization in solution. Using a
one-dimensional c(s) fit, the sedimentation coefficient distribu-
tions for SPApep at 1, 5, and 10 mg/ml showed an increasing
weight-average sedimentation coefficient with increasing concen-
tration (Fig. 5A). This behavior is expected for species in rapid
equilibrium, suggesting that SPApep does self-associate in solu-
tion (69). However, the one-dimensional c(s) fit does not allow us
to accurately determine the molecular weights of the sedimenting
species, as it uses a weight-average diffusion coefficient to perform
the fit. To accurately calculate the molecular weight of the fastest
sedimenting species, the sedimentation boundaries from the 10
mg/ml sample were fit with a two-dimensional c(s,ff0) model (Fig.
5B). In this model, no assumptions about the diffusion coefficient
are made and the data are fit for both sedimentation and diffusion
coefficient distributions. Consistent with the one-dimensional fit
shown in Fig. 5A, the two-dimensional fit showed that the pre-
dominant species in the 10 mg/ml sample has a weight-average
sedimentation coefficient of 1.65 S. The weight-average molecular
mass of this species was determined to be 17.9 kDa, very close to
the expected mass of the six-helix bundle derived from SPApep
(17.8 kDa), providing strong evidence that SPApep does readily
form a six-helix bundle in solution.

Homology model of SPA peptide into six-helix bundle. Cur-
rently, three parallel, homotypic 6HBs have been described at
atomic resolution. The first 6HB was discovered and solved as part
of a 3.2-Å X-ray structure of the cucumber mosaic virus (CMV)
capsid (PDB code 1F15) (70). The second 6HB forms the central
pore of a hexameric tyrosine-coordinated heme protein (HTHP)
from Silicibacter pomeroyi and is part of a 2.5-Å X-ray structure
(PDB code 2OYY) (71). The most recent 6HB comes from the
assembly of a synthetic peptide named CChex, which was designed
with the goal of engineering protein pores (PDB code 3R3K) (72).
The constituent helices in the CMV 6HB each have 17 residues,
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those in the HTHP 6HB have 21 residues, and those in CChex have
32 residues. We selected CChex as the reference structure for our
homology model, as it is the longest characterized 6HB and can
accommodate the entirety of the putative SPA helix within its
defined structure. We then aligned the cysteine-free SPApep onto
the structure of CChex using the Iterative Magic Fit tool in Swiss

PDB Viewer (http://www.expasy.org/spdbv/) to generate a model
of what the SPApep 6HB might look like. Briefly, the Iterative
Magic Fit tool superimposed all of the atoms of the 28-amino-acid
(aa)-predicted SPApep helix onto the 32-aa CChex reference helix,
resulting in a slightly offset structural alignment between the two
helices where Gly1 of CChex is aligned to Leu2 of SPApep.
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FIG 4 Circular dichroism spectroscopy of SPApep. (A) Amino acid sequence of SPApep. Residues are numbered based on their position in full-length RSV Gag.
The exogenous C-terminal cysteine is shown in red. (B) Spectra of SPApep in PBS at various concentrations, measured at 25°C. A comparison of the spectra of
SPApep and SPAmut at the highest concentrations, measured at 37°C, is shown in the inset. (C) Quantification of the percent helicity of each spectrum shown
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shown in panel D. (F) Spectra of SPApep at 0.033 mM with increasing concentrations of TFE. (G) Quantification of the percent helicity of each spectrum shown
in panel F.
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Figure 6 shows our model of the putative SPApep 6HB next to
a ribbon representation of the atomic-level model of CChex. As
expected, the two structures are highly similar, with a seam of
interacting residues along the length of each set of adjacent helices

(shown in stick format). The putative interacting residues in the
modeled SPA 6HB are mostly hydrophobic, with the exception of
a predicted salt bridge at the base of the 6HB between the R493 and
E494 side chains (Fig. 6A). The Swiss PDB Viewer model of RSV
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coefficient with increasing concentration is consistent with SPApep existing in rapid equilibrium. (B) Two-dimensional c(s,M) fit for the 10 mg/ml loading
concentration SV data. The peak s-value was found at 1.65 S, consistent with the one-dimensional fit.
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FIG 6 Model of the putative SPA 6HB. (A) The SPApep 6HB (green ribbon) was modeled using Swiss PDB Viewer. The model was built based on structural
alignments with the published crystal structure of a synthetic 6HB, CChex (pink ribbon). Putative interacting residues are shown in stick format and are colored
according to amino acid type (yellow, hydrophobic; red, negatively charged; blue, positively charged). A seam of hydrophobic residues lines the interface between
two adjacent helices. There is also a predicted salt bridge between residues R493 and E494. (B) Top-down view of the putative SPA 6HB (green ribbon) highlighting
potential interacting residues. The top-down view of CChex is shown for comparison.
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SPApep is also organized similarly to the predicted model of the
RSV 6HB shown in Fig. 2B. Residues that do not tolerate muta-
tions are either found inside the helical bundle or mediate contacts
between helices. Mutable residues do not appear to contact neigh-
boring helices, while the I475A mutation appears to eliminate a
hydrophobic contact with the neighboring helix (Fig. 6A). Each
individual helix interacts with two adjacent helices using two op-
posing sides of the helix, creating the same heterotypic I-II inter-
action illustrated in Fig. 2B around the entire 6HB. In summary,
despite using a de novo approach to model the putative RSV 6HB,
the result corresponds neatly to the model of a parallel 6HB hy-
pothesized based on our point mutations.

DISCUSSION

The data presented in this study strongly support the hypothesis
that a predicted amphipathic helix overlaps the RSV SPA domain.
We identified residues within the SPA helix that are critical for
immature assembly and that may be involved in a putative six-
helix bundle that promotes immature virus formation. The exis-
tence of this helical bundle is supported by results of biophysical
analyses, demonstrating that a stable, self-associating, hexameric
element is able to take on helical conformation in a concentration-
dependent manner in the SPA region of assembled VLPs. Our
results strongly support a model of the SPA domain forming a
six-helix bundle in immature assembly but do not prove that the
model is correct.

Currently, the best-studied immature retroviral assembly sys-
tems are those using some variation of the Gag protein from
HIV-1, RSV, MPMV, and murine leukemia virus (MLV). Purified
Gag-derived proteins from these four retroviruses can assemble in
vitro into morphologically similar spherical particles (12, 14–17,
20, 21, 23, 24, 28, 29, 52, 58, 73), although MPMV Gag can be
coaxed into tubes bearing an immature lattice (27). In vitro assem-
bly has proven to be a very useful tool for the study of retroviral
core structures, as amino acids critical for core formation can be
easily identified through site-directed mutagenesis followed by in
vitro assembly as the readout. In vitro assembly can also generate
VLPs free of cellular debris or contamination from unassembled
protein or misfolded aggregates, and these VLPs can be used for
cryoelectron microscopy (cryo-EM), HDX MS, or other analyses
that require high sample purity.

The morphological similarity between immature VLPs likely is
due to the structural homology between CANTD and CACTD in all
retroviral CA proteins described so far (74). However, specific
contacts that promote immature assembly differ between retrovi-
ral species and can be found in the regions immediately adjacent
to the CA domain. These have come to be known as conforma-
tional switches or molecular switches for immature assembly (28,
47, 52), since their presence seems to constrain the CA domain
into its immature conformation. For some retroviruses, including
HIV-1, the upstream switch requires nothing more than residues
upstream of the CA domain that prevent the formation of a critical
salt bridge between P1 and a conserved Asp (D52 in RSV, D51 in
HIV-1) of the processed CA protein (75). Disruption to this beta-
hairpin through an N-terminal extension results in immature as-
sembly (11). The downstream switch seems to be amino acid spe-
cific, possibly due to its role in forming a higher-order structure,
as mutations generally lead to disruption of immature assembly
(23, 28, 48, 49, 51–53). Although HIV-1 does not have a well-
characterized upstream switch, a Gag-derived protein encom-

passing only CA through NC (CA-NC) assembles into tubes and
cones in vitro (3, 10, 18). RSV CA-NC also assembles into tubes in
vitro (18). Tubes are generally believed to be reflective of mature
assembly, as free CA assembles into tubes (3–5, 11, 76). Similarly,
when the downstream switch is deleted or disrupted, HIV-1 and
RSV Gag-derived proteins may assemble into tubes and cones
both in vitro and in mammalian or insect cell-based expression
systems (28, 48, 49, 51, 52, 77). Therefore, having a single up-
stream or downstream switch is not sufficient to elicit immature
assembly.

Perhaps the best-described molecular switches governing ma-
ture and immature assembly are found in RSV. The upstream
switch consists of 25 amino acids immediately upstream of CA in
p10. When p10 is deleted, the mutant Gag assembles in vitro into
tubes (17, 20). The switch region was narrowed down to the last 25
amino acids in p10 using a series of truncations (20). In the crystal
structure of an N-terminally extended CANTD dimer, six amino
acids in p10 make side chain contacts with CANTD (46, 47). These
six residues are critical for immature VLP assembly. As shown by
disulfide cross-linking analysis, this switch segment of p10 acts as
a bridge between neighboring CANTD domains, essentially locking
the CANTD domains into a hexamer (47). To date, RSV is the only
retrovirus in which a well-defined amino acid sequence upstream
of CA has been identified as necessary for immature assembly.
Since in HIV-1 CA is directly adjacent to MA, HIV-1 is not be-
lieved to require an upstream switch other than the cleavage of CA
from MA, allowing the formation of the N-terminal beta-hairpin.
Both MPMV and MLV have a 12-kDa cleavage product upstream
of CA called p12. MPMV p12 does not appear to be crucial for the
formation of immature particles in cells (78); similar to HIV-1,
disruption of the N-terminal beta-hairpin suffices for the forma-
tion of spherical particles (22), although MPMV p12 has been
shown to play a scaffolding role in Gag assembly at low concen-
trations (78–80). On the other hand, MLV p12 deletion mutants
result in tubular rather than spherical assembly, suggesting that
MLV p12 interacts with CA in a manner similar to that in RSV
(81, 82).

The downstream molecular switch in RSV is the SPA domain.
The cleaved spacer peptide between CA and NC is common to
both RSV and HIV-1 but is not found in MPMV or MLV. Both
RSV and HIV-1 spacer peptides are predicted to be part of a 12th
helix in CA downstream of the last (11th) helix of CACTD (Fig. 7),
and both are exquisitely sensitive to mutation (28, 48, 49, 51, 52,
77, 83–85). Cryo-ET studies of in vitro-assembled HIV-1 and RSV
VLPs showed a stalk-like density underneath the organized CA-
CTD lattice which can be fitted with the structure of a parallel
six-helix bundle (32, 35). Although MLV Gag does not have a
cleaved peptide between CA and NC, the C terminus of MLV CA
is predicted to form a highly charged helix, and mutational studies
have shown that this charged helix is required for proper imma-
ture assembly and infectivity (53). MPMV is also predicted to have
a 12th helix spanning CA-NC (Fig. 7), which overlaps a previously
characterized immature assembly domain similar to RSV SPA lo-
cated at the N terminus of the MPMV NC domain (23). Although
the recent high-resolution cryo-ET structure of MPMV VLPs did
not show a prominent stalk-like density under the CACTD layer,
the authors point out a ring of densities adjacent to helix 11 in
CACTD (27) which might reflect an alternative higher-order struc-
ture involving the predicted helix. In fact, when we aligned the
amino acid sequences of representative viruses from every ortho-
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retroviral genus, we found a predicted helix downstream of the
structured CACTD across all genera except the Epsilonretroviridae
(Fig. 7). In alpha- and lentiviruses, the predicted helix overlaps the
C terminus of CA and part or all of the spacer peptide. In beta-,
gamma-, and deltaretroviruses, the predicted helix covers the
cleavage site between CA and NC. The conservation of this pre-
dicted structural element suggests a crucial role in immature as-
sembly, for example, through homologous interactions with other
Gag molecules to constrain CA, thereby exposing surfaces favor-
able for the immature hexamer.

One proposed structure for the RSV SPA helix is a 6HB. Al-
though parallel, homotypic 6HBs are relatively rare, one naturally
occurring 6HB exists in the CMV capsid (70), and another is at the
core of HTHP (71). The only example of a free-standing 6HB is
from a study of synthetic helical bundles illustrating the funda-
mental concepts behind helical pore formation (72). Similar to
both existing structures, we have modeled the RSV putative SPA
helix bundle with hydrophobic interactions on the inside and
along helix-helix contacts and with hydrophilic residues on the
outside (Fig. 2B and 6). Hydrophobic interactions are known to
contribute critical contacts in well-defined �-helical tertiary struc-
tures, such as leucine zippers and coiled coils. Our mutation and
modeling data suggest that if the SPA domain is a 6HB in imma-
ture virions, the interactions that hold the bundle together form a
hydrophobic seam along the length of two neighboring helices,
similar to previously described 6HBs.

Interestingly, charged residues downstream of the predicted
SPA helix also may play a role in assembly. Keller et al. mapped the
SPA domain to include the first four residues of NC and excluded
the four charged residues that followed (51). However, there are
indications that at least a couple of these four residues play a struc-
tural role in assembly. The two Arg residues were previously
shown to be critical for assembly of a truncated, purified version of
�MBD�PR, since they did not tolerate mutation to Ala (16). A
similar requirement for at least two basic residues downstream of
an SP-like domain was identified in MPMV (23), while in HIV-1,
two specific Arg residues in the so-called I domain (localized to the
N terminus of the NC domain) are required for proper VLP for-

mation (86). We included these four residues in SPApep to en-
hance peptide solubility, but it is conceivable that they play a role
in stabilizing the higher-order structure of the peptide hexamer.
In fact, our Swiss PDB Viewer model of the putative RSV 6HB
places R493 and E494 at the seam between two SPApep helices,
suggesting that these two residues form an interhelix salt bridge.

What might a 6HB be doing under the organized CA lattice?
One hypothesis is that the 6HB is a transient structure that helps
stabilize the upstream CA domain into its immature conforma-
tion. However, no helix has ever been observed in the region
downstream of CACTD, and our data as well as data presented by
Datta et al. suggest that helical structure in that region only forms
in a concentration-dependent or chemically induced manner
(52). Interestingly, the metastable nature of this region may be the
key to the function of SPA in RSV assembly and maturation. We
speculate that during the early steps of assembly, Gag converges to
the plasma membrane, increasing the local concentration and al-
lowing SPA to shift from unstructured to helical. The CA domain
is highly flexible due to the floppy CANTD-CACTD linker and may
sample many possible conformations during initial dimerization
and multimerization. Formation of the 6HB may force the CACTD

to expose surfaces favorable for immature assembly, and these
downstream spatial constraints could propagate upstream into
CANTD. The CANTD hexamer then is locked in place by its inter-
actions with the upstream p10 residues, securely fastening both
ends of the Gag hexamer. The 6HB itself likely also has consider-
able flexibility, which may explain why even at peptide levels ap-
proaching virion Gag levels, the time-averaged percent helicity of
the SPApep does not exceed 23% (Fig. 4C). This may reflect sig-
nificant “breathing” of the helix to allow protease to release CA
during maturation. The relatively high level of order at the CA-SP
junction also may explain why, in both RSV and HIV-1, cleavage
of SP and SP1 from CA is the last step in maturation (87, 88).

Can one 6HB functionally replace another? Although the an-
swer is ambiguous, it is heavily weighted toward no. The first
experiments that attempted to address this question used an as-
sembly-competent chimeric bovine immunodeficiency virus Gag
in which domains downstream of the p3 spacer were replaced with
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FIG 7 Conserved 12th helix spans the cleavage site between CA and the downstream domain. Sequences show Gag from the last helix of CACTD to the first
cysteine in the first zinc finger of NC. The sequences are aligned with one another at the end of the 11th helix of CA (blue cylinder). The putative 12th helix of CA
is shown as a red cylinder and is found in all retroviral genera except epsilonretroviruses. Protease cleavage sites (both predicted and known) are indicated by
vertical lines.
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their cognate HIV-1 Gag domains. When p3 was replaced with
SP1, virus production was abolished. However, p3 can be replaced
by short, five-residue-long sequences derived from the spacer do-
mains from feline immunodeficiency virus, equine infectious ane-
mia virus, and an N-terminal NC fragment from Visna virus with-
out severely compromising virus production and reverse
transcriptase activity (85). A similar set of experiments using RSV
Gag showed that sequences downstream of the structured CACTD

cannot be replaced by homologous sequences from HIV-1 with-
out compromising VLP assembly (51), but when five amino acids
at the beginning of the SPA helix are exchanged with seven resi-
dues downstream of the structured HIV-1 CA having the highest
predicted helical propensity, the Gag chimera assembles in vitro
(data not shown). In MPMV, when the SP-like region at the N
terminus of NC is replaced by HIV-1 SP1, no virus assembly is
observed (23). The amino acid specificity of the spacer region
across retroviral genera suggests that there are contacts besides the
putative homotypic interhelix interactions that exist between SP
and other Gag domains. In fact, using the maturation inhibitor
PF-46396, Waki et al. mapped a novel binding pocket formed by
the major homology region (MHR) of HIV-1 CA and SP1 and
predicted that these two distant regions are in close proximity in
an assembled virus (89). This inference is supported by data from
Bowzard et al. that showed the rescue of a lethal MHR mutation in
RSV CA by a second-site suppressor mutation in SP (90). Given
the apparent conservation of an SP-like domain and the absolute
conservation of the MHR across all retroviral genera, perhaps this
putative interaction surface between SP and the MHR should be
further investigated for its role in stabilizing the immature retro-
virus.
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