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Immature retroviral particles are assembled by self-association of the structural polyprotein precursor Gag. During maturation
the Gag polyprotein is proteolytically cleaved, yielding mature structural proteins, matrix (MA), capsid (CA), and nucleocapsid
(NC), that reassemble into a mature viral particle. Proteolytic cleavage causes the N terminus of CA to fold back to form a
�-hairpin, anchored by an internal salt bridge between the N-terminal proline and the inner aspartate. Using an in vitro assem-
bly system of capsid-nucleocapsid protein (CANC), we studied the formation of virus-like particles (VLP) of a gammaretrovirus,
the xenotropic murine leukemia virus (MLV)-related virus (XMRV). We show here that, unlike other retroviruses, XMRV CA
and CANC do not assemble tubular particles characteristic of mature assembly. The prevention of �-hairpin formation by the
deletion of either the N-terminal proline or 10 initial amino acids enabled the assembly of �ProCANC or �10CANC into
immature-like spherical particles. Detailed three-dimensional (3D) structural analysis of these particles revealed that below a
disordered N-terminal CA layer, the C terminus of CA assembles a typical immature lattice, which is linked by rod-like densities
with the RNP.

The assembly of fully infectious retroviruses comprises two dif-
ferent phases: immature- and mature-particle formation. Ini-

tially, the virus is formed in immature form by self-association of
the major structural polyprotein Gag into spherical particles ei-
ther at the plasma membrane (alpharetroviruses, gammaretrovi-
ruses, or lentiviruses) or at a distinct site within the infected cell
(betaretroviruses). The particles are organized by lattices of Gag
and Gag-derived polyproteins that associate with the plasma
membrane that becomes the outer layer of the immature particle
released during budding. Upon release from the host cell, the Gag
precursor is proteolytically processed into N-terminal membrane
binding matrix protein (MA), two-domain capsid protein (CA),
and RNA-binding nucleocapsid protein (NC). This cleavage leads
to a dramatic morphological change and reorganization of the
virus particle from its immature form into a mature, infectious
virion.

Gag itself is sufficient for immature-particle assembly. The in-
teractions critical for immature-particle assembly are mediated by
CA-CA and NC-RNA interfaces. CA consists of two subdomains,
the CA–N-terminal domain (NTD) and the CA–C-terminal do-
main (CTD), connected by a short sequence. Despite a low level of
sequence homology, all available retroviral CA-NTD structures
show conserved structural motifs consisting of six or seven
�-helices and an N-terminal �-hairpin anchored by a salt bridge
between the N-terminal proline and an aspartate in helix 3 (10, 20,
29, 30, 42–44). CA-CTD contains a dimerization domain and is
essential for the assembly of Gag. In the alpharetroviruses (e.g.,
Rous sarcoma virus [RSV]) and lentiviruses (e.g., HIV-1), a short
spacer peptide (SP) (12 or 14 amino acids, respectively) separates
CA from NC. This SP domain plays a critical role in assembly, as
mutations or deletions in the SP influence immature-spherical-
particle assembly (1, 28, 33, 37). Both HIV-1 and RSV SP se-
quences were also suggested to function as molecular switches,
because the deletion of SP1 of HIV-1 Gag led to the formation of

tubular instead of spherical particles (23). Similarly, mutations
within the SP sequence of RSV Gag change spherical-particle for-
mation to tubular-particle formation (28).

The appearances of all immature retroviral particles observed
by transmission electron microscopy (TEM) are similar; they are
roughly spherical, with an inner electron-dense ring. Based on
cryo-electron microscopy (cEM) studies, the Gag polyprotein is
arranged radially and is associated with the plasma membrane
through its MA domain, with the NC domain oriented toward the
center of the particle (65, 67). Three-dimensional (3D) recon-
structions of immature HIV-1 and RSV particles obtained by
cryo-electron tomography have shown that the immature Gag
lattice adopts a hexagonal arrangement (5, 66). To form a closed
sphere from a hexagonal lattice, the incorporation of pentamers
or irregular defects is required. Pentamers have not been observed
in the immature Gag lattice; instead, the Gag hexameric lattice
closes through the incorporation of heterogeneously shaped de-
fects (6, 35). Upon maturation, NC with bound RNA condenses in
the center of the particle, surrounded by a core shell assembled
from released CA. The shapes of the mature cores differ according
to the retrovirus genus: in gamma-, delta-, and alpharetroviruses,
they are spherical; in betaretroviruses, cylindrical; and in lentivi-
ruses, conical. These assemblies are composed of a curved hexa-
gonal lattice closed by incorporation of CA pentamers. The final
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shapes of the retroviral cores are then determined by the locations
of the pentamers. The core of the most studied retrovirus, HIV-1,
is a fullerene-like cone composed of a hexameric lattice with 12
pentamers, 5 at the narrow end of the cone and 7 at the broad end
of the cone (18, 36, 47). Although the CA domain drives both
mature- and immature-particle assembly, the lattices of immature
particles differ from those of the mature particles (5–7, 66). The
spacing of the immature HIV-1 Gag lattice is smaller than that in
the mature particle, and the positions of the CA-NTD and CA-
CTD also differ in the immature and mature lattices (6).

Gammaretroviruses, like other type C retroviruses, assemble
their immature particles at the plasma membrane. Similarly to
other retroviruses, their genome contains three open reading
frames: gag, pol, and env. One member of the gammaretroviral
family, the xenotropic murine leukemia virus-related virus
(XMRV), was recently discovered in association with human
prostate tumors (58) and chronic fatigue syndrome (CFS) (38).
However, the association has not been confirmed in other studies
(15–17, 25, 26, 51–53, 56, 60), thus the relevance of XMRV to
human disease remains unclear. Recent publications have pro-
vided strong evidence that XMRV does not cause CFS (32, 45, 49,
54). Its genome is most similar to that of exogenous murine
leukemia virus (MLV) DG-75, isolated from a human
B-lymphoblastoid cell line (48), with which it shares 94% se-
quence identity (58). The XMRV Gag polyprotein consists of 536
amino acids and is separated from the Pro-Pol sequence by a UAG
stop codon. Based on the sequence similarity with the closely re-

lated MLV, it is expected that XMRV Gag also comprises four
structural proteins: MA, p12, CA, and NC. The MLV capsid pro-
tein, like all retroviral CAs, contains an N-terminal �-hairpin that
is stabilized by Pro1-Asp54 interaction (43, 44). This hairpin is
formed only upon maturation, and prevention of its maturation
markedly reduces viral infectivity (61, 62, 64).

Similarly to betaretroviruses, gammaretroviruses lack a spacer
peptide between CA and NC. However, gammaretroviruses pos-
sess a unique feature, that is, the presence of a 41-amino-acid
stretch rich in both positively and negatively charged residues at
the C terminus of CA (Fig. 1, underlined sequence). This region,
due to its possible �-helical structure, was named the “charged
assembly helix” and is important for the assembly and production
of infectious MLV (9, 63).

Studies on in vitro-assembled virus-like particles (VLPs) have
been proven to be a valuable tool for gaining basic information on
retroviral assembly. A number of studies have mimicked the as-
sembly of both immature virus particles and mature cores in vitro
using purified recombinant Gag-derived capsid-nucleocapsid
(CANC) proteins (8, 21, 22, 31, 41, 57, 68). Although the in vitro
assembly of retroviral genera, including the lentivirus HIV-1 (8,
12, 21, 22), the betaretrovirus Mason-Pfizer monkey virus (M-
PMV) (31, 57), and the alpharetrovirus RSV (8, 40, 41, 68), has
been intensively studied, there is a lack of information on the in
vitro assembly of gammaretroviruses. In vitro assembly was
achieved by using His-tagged MLV CA molecules anchored to
Ni2�-chelating lipid nanotubes as an assembly substrate (24). Re-

FIG 1 Amino acid alignment of XMRV and MLV DG-75, Moloney MLV, and MLV (strain BM5) CANC proteins. The dots represent identical amino acid
residues, the black arrows under the alignment show the start sites of XMRV �ProCANC and �10CANC truncated proteins, and the underlined sequence shows
the charged residues at the C termini of MLV and XMRV CA. The positions of �-strands and �-helices from the solved MLV CA-NTD structure (pdb 3bp9) are
shown by the gray arrows and wavy lines, respectively, above the alignment.
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cently, a comparison of MLV and HIV-1 monomeric Gag mole-
cules revealed their different behaviors in solution. In contrast to
HIV Gag, MLV Gag has a much weaker propensity for interpro-
tein interactions and has a rigid and extended structure, likely
caused by a proline-rich region between MA and p12 (11). In this
work, Datta et al. also demonstrated that MLV Gag could be as-
sembled in vitro into fragile VLPs with an irregular appearance.

Here, we present the assembly of XMRV CANC protein into
immature virus-like spherical VLPs by using an in vitro expres-
sion/assembly system. We prepared three N-terminal variants of
XMRV CANC and compared their ability to assemble. We found
that formation of the N-terminal �-hairpin must be prevented to
obtain immature-like particles from XMRV CANC. Using elec-
tron microscopy and cryo-electron tomography, we have charac-
terized the structure of assembled immature XMRV VLPs and
compared it with that of other retroviruses.

MATERIALS AND METHODS
Cloning. All expression vectors were prepared by standard cloning tech-
niques, propagated in Escherichia coli DH5�, and verified by sequencing.
The fragment encoding XMRV CANC was obtained by PCR (using prim-
ers 5=CAT ATG CCA CTC CGC ATG GGG and 3=CTC GAG CTA GTC
ACC TAA GGT CAG G) of cDNA from human prostate carcinoma 22Rv1
cells infected with XMRV (kindly provided by M. Hajduch). The PCR
fragment was digested with NdeI and XhoI and ligated into an expression
vector, pET-22b, under the T7 promoter. The CANC-derived constructs
were prepared analogously, with the 5= primers CAT ATG CAG TAC TGG
CCG TTT TCC TC for �10CANC and CAT ATG CTC CGC ATG GGG
GGA G for �ProCANC.

Bacterial expression. Luria-Bertani medium containing ampicillin
(100 �g/ml) was inoculated with E. coli BL21(DE3) cells carrying the
appropriate construct. At the optical density at 590 nm of �0.8, expres-
sion was induced by the addition of isopropyl-�-D-thiogalactopyranoside
(IPTG) to a final concentration of 0.4 mM. The cells were harvested 4 h
postinduction.

Protein purification. Bacterial cells were resuspended in lysis buffer A
(50 mM Tri-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0), disrupted with
lysozyme, sonicated, and incubated with sodium deoxycholate. After cen-
trifugation at 10,000 � g, proteins were solubilized from pellets by the
addition of 0.5% Triton X-100 and 1 to 1.5 M NaCl in lysis buffer A. The
XMRV protein was precipitated from the supernatant by ammonium
sulfate (final concentration, 25% [wt/vol]). After low-speed centrifuga-
tion, the pellet was resuspended in buffer E (20 mM Tris-HCl, pH 8.0, 0.1
M NaCl, 50 �M ZnCl2, 10 mM dithiothreitol [DTT], 1 mM phenylmeth-
ylsulfonyl fluoride [PMSF]), dialyzed overnight against the same buffer at
4°C, and loaded on the top of a DEAE cellulose column. The flowthrough
and washing fractions were pooled and loaded on the top of a phospho-
cellulose column. The bound protein was eluted by an NaCl gradient from
0.1 M to 1 M NaCl in buffer E. The fractions containing the desired
proteins were dialyzed overnight against a storage buffer (buffer E with 0.5
M NaCl), concentrated, and loaded on the top of a Sephadex G-100 col-
umn. The purified proteins were concentrated (CANC to 5 mg/ml,
�ProCANC to 2 mg/ml, and �10CANC to 4 mg/ml) and stored at �70°C.
The purity of each protein was analyzed by SDS-PAGE (see Fig. 3), and the
protein identities were confirmed by N-terminal sequencing.

In vitro assembly. An aliquot of 60 �g of purified protein was mixed
with 6 �g of DNA (oligonucleotide 30-mer, 40-mer, �DNA, or phage
M13 single-stranded DNA [ssDNA]) or RNA (MS2) in a total volume of
100 �l of the storage buffer (20 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 50 �M
ZnCl2, 10 mM DTT, 1 mM PMSF). The mixture was dialyzed from 2 h to
overnight against the assembly buffer (50 mM Tris buffer, pH 8.0, con-
taining 100 mM NaCl and 1 �M ZnCl2) at 4°C. One hundred microliters
of the assembled material (in the presence or absence of oligonucleotide)
was loaded on the top of a 20 to 65% (wt/wt) sucrose gradient and cen-

trifuged at 35,000 rpm in a Beckman SW41Ti for 16 h at 4°C. Individual
fractions were analyzed by Western blot analysis using rabbit anti-XMRV
CANC antibodies. The sucrose density in the fractions was determined
using a refractometer.

Electron microscopy. Particles formed during the assembly reaction
were negatively stained with 4% sodium silicotungstate (pH 7.4) on
carbon-coated grids and studied by transmission electron microscopy
(JEOL JEM-1200EX) with a microscope operated at 60 kV. For thin-
section electron microscopic analysis, the bacterial pellets of the induced
samples were fixed in 2.5% glutaraldehyde, postfixed in 1% osmium
tetroxide, dehydrated by applying an ethanol series, and embedded in
Agar 100 epoxy resin. Ultrathin sections (70 nm) were counterstained
with saturated uranyl acetate and lead citrate.

Cryo-electron microscopy. In vitro-assembled particles were depos-
ited on C-flat holey carbon grids and vitrified by plunge freezing in liquid
ethane. Tilt series were collected on an FEI Tecnai F30 “Polara” transmis-
sion electron microscope with a Gatan GIF 2002 postcolumn energy filter
and a 2,000 by 2,000 Multiscan charge-coupled device (CCD) camera.
Data collection was performed at 300 kV with an electron dose of approx-
imately 30 e�/Å2. The nominal defocus was 2.0 �m, with a magnification
of �34,000, resulting in a pixel size at the specimen level of 4 Å.

Cryo-electron tomography. In vitro-assembled particles were mixed
with 10-nm gold beads, deposited on C-flat holey carbon grids, and vitri-
fied by plunge freezing in liquid ethane. Tilt series were collected on an FEI
Tecnai F30 “Polara” transmission electron microscope with a Gatan GIF
2002 postcolumn energy filter and a 2,000 by 2,000 Multiscan CCD cam-
era. Data collection was performed at 300 kV using the SerialEM software
package, and tomograms were reconstructed using the IMOD software
package (34). Tilt series were collected between �60° and �60° with an
angular increment of 3° and a total electron dose of approximately 70
e/Å2. The defocus range was between 3.0 and 4.0 �m, with a magnification
of �34,000, resulting in a pixel size at the specimen level of 4 Å.

2D Fourier analysis. Seventy individual particles were boxed out us-
ing an EMAN boxer (39) and padded to a final size of 1,024 by 1,024 pixels.
A soft spherical mask was applied with a radius of 22 nm for the rotation-
ally averaged power spectrum or 15 nm for the rotationally aligned power
spectrum. (The larger mask includes more data, giving the stronger peaks
necessary for the alignment. The narrower mask minimizes the smearing
of the peak due to particle curvature.) Calculation of power spectra and
their rotational average and rotational alignment were performed in
IMAGIC (59).

RAF analysis. Radius-angle-frequency (RAF) plots were generated as
described previously (13). Briefly, subtomograms of 384 nm3 were ex-
tracted from tomograms of 15 VLPs. The extraction was done along the
surface of a sphere centered in the center of each VLP and with a radius
equal to the mean radius at CA-CTD level. The subtomograms underwent
an orthographic radial projection. The focus of the projection was deter-
mined as the geometric center of the particle from which the subtomo-
gram was extracted. The resulting volumes corresponded to flattened sub-
tomograms. The volumes were then padded to 1,024 by 1,024 pixels in xy,
and 2D power spectra were calculated at each radius. The rotation-
autocorrelation function with a rotation range between 0° and 180° was
calculated for each power spectrum. For each subtomogram, this gener-
ates a 3D plot with radius on one axis and the other two axes representing
those of the rotational autocorrelation function of the power spectrum,
namely, angle and frequency. The presence of a peak at a particular point
in radius, frequency, and angle indicates that at that radius in the virus, the
2D power spectrum of the protein layer has peaks at that frequency which
are arranged rotationally, symmetrically repeating at that angle.

Subtomogram averaging. The extracted subtomograms were itera-
tively aligned and averaged using a six-dimensional search as described
previously (6). The initial reference used for the alignment was the average
of the subtomograms in the extraction position. Sixfold symmetry was
applied to the average at each iteration. The threshold for the subtomo-
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grams that had to be averaged was set to the mean cross-correlation value
of all subtomograms to the reference.

RESULTS
Bacterial and in vitro assembly. To obtain the XMRV expression
vector, the CA and CANC regions were amplified using cDNA of
human prostate carcinoma 22Rv1 cells infected with XMRV.
DNA sequencing confirmed 100% identity of the CANC with the
CANC of XMRV clone VP62 (Fig. 1). To study the ability of
XMRV CA and CANC to assemble into VLPs, we used both bac-
terial and in vitro assembly systems (50, 57). TEM of thin-
sectioned E. coli BL21(DE3) expressing XMRV CA and CANC
showed amorphous inclusion bodies instead of assembled
mature-core-like structures (Fig. 2A and B). This finding was sur-
prising, because several studies have demonstrated that retroviral
CANCs of different species (HIV-1 and RSV), with Pro1 at their N
termini, assemble into tubular, mature-core-like structures (8, 21,
22, 41).

It is known that the prevention of �-hairpin formation (by
either the deletion or substitution of Pro1 or by N-terminal exten-
sion of CA) can shift the assembly mode to formation of
immature-virus-like structures (21, 46, 50, 57, 61). We therefore
decided to truncate the XMRV CANC construct by the deletion of
the first proline residue (�ProCANC) with the aim of assembling
immature-like structures. TEM analysis of the cells expressing
�ProCANC protein indicated its tendency to assemble into nu-

merous curved structures (Fig. 2C), together with a small number
of approximately spherical particles. In order to delete a substan-
tial portion of the N-terminal �-hairpin, we next generated a fur-
ther N-terminal truncation of CANC, locating the start of the
XMRV CA protein 10 amino acids downstream from Pro1, at
Gln11 (Fig. 1). TEM of the thin sections of E. coli expressing the
resulting �10CANC construct showed the presence of roughly
spherical particles (Fig. 2D).

To further analyze the ability of XMRV CANC-derived pro-
teins to assemble in vitro, all studied proteins were purified
using procedures similar to those described earlier for M-PMV
and HIV-1 CANC (8, 41, 57) (Fig. 3A). An in vitro assembly
reaction was performed by overnight dialysis of a mixture of
purified XMRV CANC-derived proteins with DNA (oligonu-
cleotide 30-mer, 40-mer, � DNA, and phage M13 ssDNA) or
RNA (MS2). To investigate the homogeneity of the assembled
particles, the material was centrifuged through a linear 20 to
65% sucrose gradient, and individual fractions were analyzed
by Western blotting using rabbit anti-XMRV CANC antibody.
In the presence of the oligonucleotide (40-mer), the majority of
the assembled particles were found in the fractions with su-
crose densities of 1.19 to 1.23 g/ml, corresponding to the prop-
erly assembled spherical particles (Fig. 3B, top). In the absence
of the oligonucleotides, the bulk of unassembled material re-
mained at the top of the sucrose gradient (Fig. 3B, bottom).

FIG 2 Electron micrographs of thin sections of E. coli cells expressing XMRV CA (A), CANC (B), �ProCANC (C), and �10CANC (D).
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The gradient profiles were similar for both the �ProCANC and
�10CANC proteins. The samples of the in vitro-assembled par-
ticles were negatively stained with 4% sodium silicotungstate
(pH 7.4) and studied by TEM. In contrast to the XMRV CANC
protein, where only free or aggregated proteins were observed,
the �ProCANC and �10CANC proteins assembled into spher-
ical particles (Fig. 3C). Particles of XMRV �ProCANC and
�10CANC were not detected if the in vitro assembly was car-
ried out in the absence of nucleic acid or at an NaCl concen-
tration higher than 0.5 M (data not shown), suggesting that
assembly must be initiated by the addition of nucleic acids
under suitable conditions. Similar assembly requirements have
been observed for the in vitro-assembled particles of RSV

CANC (8), HIV-1 CANC (8, 21, 22), and M-PMV �ProCANC
(57).

TEM images of negatively stained in vitro-assembled XMRV
�10CANC particles were then compared to those of HIV-1 and
M-PMV �ProCANC (Fig. 3D). The major difference between the
particles was the appearance of particle protein layers. While the
HIV-1 and M-PMV �ProCANC particles appeared as a single-
layer protein shell with visible rod-like projections (Fig. 3D), the
XMRV �10CANC particle’s shell appeared as three smoother
protein layers separated by distinct rings of lower electron density
(Fig. 3D).

To study the fine structure of the in vitro-assembled XMRV
particles in more detail and to avoid artifacts associated with neg-

FIG 3 (A) SDS-polyacrylamide analysis of purified XMRV proteins (Coomassie blue-stained gel). (B) Western blot analysis of in vitro-assembled XMRV
particles in sucrose gradient fractions in the presence (upper blot) or in the absence (lower blot) of oligonucleotides. �10CANC protein (60 �g) was mixed with
6 �g of oligonucleotide 40-mer, dialyzed overnight against the assembly buffer, and centrifuged to equilibrium through a linear 20 to 65% sucrose gradient. The
fractions were analyzed by Western blotting with rabbit anti-XMRV CANC antibodies. The sucrose densities in fractions 8 to 12 were as follows: 8, 1.19 g/ml; 9,
1.21 g/ml; 10, 1.22 g/ml; 11, 1.23 g/ml; 12, 1.25 g/ml. (C) TEM images of negatively stained in vitro-assembled material from XMRV �ProCANC (left) and XMRV
�10CANC (right). (D) TEM images of negatively stained VLPs assembled in vitro from XMRV �10CANC, HIV-1 �ProCANC, and M-PMV �ProCANC. Scale
bars,e 50 nm.
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ative staining, we carried out cEM of particles made of �10CANC
protein. The sample was prepared by the dialysis of �10CANC
against pH 8.0 buffer in the presence of lambda double-stranded
DNA (dsDNA). The CEM images showed three density layers,
with the outer two layers close together (Fig. 4A). The mean size of
the particles was 82 nm � 11 nm.

We compared our images of the in vitro-assembled XMRV
particles (Fig. 4A) with published images of PR� MLV (Fig. 3A
and 5 in Yeager et al. [67]). The numbers of layers and the appear-
ances of the layers are extremely similar. For an optimal compar-
ison, we applied the same image analysis procedure that was used
for PR� MLV. We calculated the rotationally averaged power
spectra of the particle centers, which showed peaks corresponding
to repeating elements in the protein lattice (Fig. 4B). Two peaks
were seen, centered at 64 � 9 Å and 42 � 3 Å. If these are indexed
as [1,0] and [1,1] reflections of a hexagonal lattice, they describe a
unit spacing of 74 Å or 73 Å. The equivalent analysis for PR� MLV
is shown in Fig. 6 in Yeager et al. (67). The pattern of peaks is the
same. For PR� MLV, the peaks are centered at 67 � 11 Å and 45 �
10 Å, describing a unit cell spacing of 77 Å and 78 Å. We next
carried out a rotational alignment and averaging of the power
spectra, as described by Briggs et al. (5), revealing that a hexagonal
pattern is present in the XMRV particles (Fig. 4B) and confirming
the assignment of the [1,0] and [1,1] reflections. Similar patterns
were described for individual particles of PR� MLV (Fig. 3 in
Yeager et al. [67]).

To further understand the structural organization of the
XMRV particles, we collected cryo-electron tomograms (Fig. 5A)
and directly compared the radial density profile of XMRV
�10CANC with those of HIV-1 (using data sets from de Marco et
al. [12]). The radial density profile of XMRV �10CANC is similar
to that of HIV-1 (Fig. 5B). By comparison with HIV-1, the two
outer density layers correspond to the NTD and CTD of CA and
the inner layer to NC with bound nucleic acid.

In order to identify which layers show 6-fold symmetry, we
used the 3D information present in the cryo-electron tomograms
and performed RAF analysis (13) (Fig. 5C). Peaks in the RAF plot
indicate the presence of symmetrically ordered density at a partic-
ular radius and with a particular spacing. We identified two clear
peaks: one corresponds to the [1,0] reflection of the expected
hexameric lattice in the region between NC and the CA-CTD, the
other to the [1,1] reflection of the hexameric lattice in the CA-
CTD region. In vitro-assembled HIV particles show the same two
peaks, as well as two further peaks in the region between CA-CTD
and CA-NTD and in the CA-NTD region. These peaks are missing
in XMRV, indicating that, unlike in HIV, the CA-NTD region of
the XMRV particles does not show any detectable hexameric lat-
tice.

Knowing that the region between the RNP and the CA-CTD
adopts a hexagonal lattice, we performed subtomogram averaging
in order to get a 3D representation of the structure (Fig. 6A).
Consistent with the RAF analysis, outermost in the structure is a
poorly featured layer that corresponds to the CA-NTD (blue in
Fig. 6B). In contrast, the CA-CTD domain (green in Fig. 6B)
forms an arrangement similar to that seen in other retroviral im-
mature lattices (12). As in HIV and RSV, the CA-CTD of XMRV
appears to be connected to the RNP (gray in Fig. 6B) via rod-like
structures (red in Fig. 6B).

DISCUSSION

The release of the N and C termini of CA upon maturation leads to
local conformational transitions that influence the overall struc-
ture of the protein and thus creates novel protein-protein inter-
faces (for a review, see reference 19). The model for subunit ar-
rangement in immature particles implies that the hexagonal
lattice is held together by intra- and interhexamer interactions
within SP and CA-CTD (66). The CA-NTD is not absolutely re-
quired for immature-particle assembly (2, 4). Cleavage of Gag by
viral protease allows the formation of a �-hairpin at the N termi-
nus of CA-NTD and the separation of CA from the putative SP1
helical bundle. This induces structural rearrangement of CA and
the formation of mature hexameric CA-NTD rings that hold to-
gether the mature lattice. CA-CTD interactions also mediate in-
terhexamer interactions in the mature lattice.

Structural and biochemical data suggest that the ordered arrays
of CA are regulated by the presence (��) or absence (��) of the
�-hairpin at the N terminus and the presence (SP�) or absence
(SP�) of the SP sequence at the CA C terminus, thus determining
the particle morphology (23, 28). By this convention, within the
immature virus, CA is in the form ��/SP�, and within the mature
virus, it is in the form ��/SP�. In vitro, the HIV-1 �MACANC
and RSV �PRGag proteins, where �-hairpin formation is pre-
vented by downstream N-terminal sequences of CA but SP is pres-
ent (��/SP�), assembled into immature spherical particles (21,
27). In vitro and in vivo assembly studies on HIV CANC and RSV
CANC show that the presence of both N- and C-terminal deter-

FIG 4 Cryo-electron microscopy of XMRV �10CANC particles. (A) Cryo-
electron micrographs of particles assembled in vitro from XMRV �10CANC.
Scale bars, 50 nm. The white dashed circles show the region used for Fourier
analysis. (B) Rotationally averaged power spectra of the particle centers, show-
ing the positions of the [1,0] and [1,1] reflections from a hexameric lattice. The
inset displays the sum of the rotational aligned power spectra, indicating the
presence of a hexagonal lattice.
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minants (��/SP�) of CA results in mature-like tubular (and, in
the case of HIV-1, also conical) particle assembly (8, 18, 22). The
HIV-1 �MACA�SP1NC and RSV �PRGag proteins, which do
not form the �-hairpin and in which SP is mutated or deleted
(��/SP�), assemble into tubular (and, in the case of HIV-1, also
conical) particles (23, 28). The mature CA proteins (��/SP�) of
HIV and RSV assemble in vitro into tubular structures; however,
the conditions under which these structures are formed (�1 M
NaCl) suggest different types of CA-CA interactions (14, 22, 30).

M-PMV, which lacks the SP sequence between CA and NC,
appears to behave differently in vitro. In the absence of the
�-hairpin and in the presence of downstream NC, M-PMV forms
spherical particles. In the presence of the �-hairpin, M-PMV can-
not be assembled in vitro. Here, we show that XMRV behaves in
the same way: it is unable to form mature-like structures in vitro

FIG 5 Cryo-electron tomography of XMRV �10CANC particles. (A) Com-
putational slice 0.8 nm thick through a cryo-electron tomogram of particles
assembled in vitro from XMRV �10CANC. The white arrows point to the
CA-NTD, the black arrowhead points to the CA-CTD, and the white arrow-
heads point to the NC region. The scale bar is 50 nm. (B) Comparison between
the radial density profiles of XMRV �10CANC (red) and HIV-1 (blue). The
two profiles have been aligned on the CA-CTD, and the x axis shows the radial
distance from the CA-CTD region. The peaks corresponding to NC and to the
NTD and CTD of CA are marked. (C) The two images show slices through
the RAF plot at a 60° angle for XMRV �10CANC (top) and HIV-1 (bottom).
The x axes are aligned to the x axis of the radial density plot in panel B. The
expected positions of the [1,0] and [1,1] reflections for a hexameric lattice with
a spacing of 7.4 nm at the CA-CTD are indicated by the white dashed lines.
Strong peaks indicating a hexagonal order are seen for both XMRV �10CANC
and HIV-1 in the CA-CTD and downstream regions. Only HIV shows strong
peaks in the CA-NTD region. The radial positions of the RNP and CA domains
are indicated on the plots.

FIG 6 Structure of in vitro-assembled particles of XMRV �10CANC. (A)
Orthoslices through the average structure. On the right are radial sections,
while tangential sections are on the left. The dashed lines show the relative
position of the orthoslices between the panels. Density is black. (B) Surface
rendering of the average structure. The color scheme follows an approximate
radial division of the structure according to the different domains of Gag as
previously assigned (12). Gray is the NC-nucleic acid layer, red is the region
between NC and the CA-CTD, green is the CA-CTD region, and blue is the
CA-NTD. The dashed lines in the top view represent the section cut out in the
side view. The CA-NTD region does not show an ordered hexameric lattice.

MLV CANC In Vitro Assembly

February 2012 Volume 86 Number 3 jvi.asm.org 1303

http://jvi.asm.org


from CA or CANC but can form immature-like �ProCANC and
�10CANC particles. In contrast to HIV-1 and RSV, XMRV and
M-PMV do not have SP separating the CA and NC domains. This
begs the question whether some part of XMRV CA or NC might
substitute for the SP-like domain. Based on recent data showing
that MLV, in contrast to other retroviruses, does not have strict
structural requirements for the N-terminal portion of NC (55), it
is likely that the SP-like domain occurs within the CA CTD. Here,
we show that the region between CA and NC forms a rod-like
structure similar to that previously described for HIV and RSV
and consistent with the presence of a structured region between
the two folded domains. A possible candidate is the “charged as-
sembly helix” at the C terminus of MLV CA (9). This region was
suggested to form an amphipathic �-helix, and mutations within
the region showed its necessity for MLV assembly (9). The SP-like
domain in M-PMV was localized at the CANC junction (3); how-
ever, its precise length is currently being studied. It is possible that
such sequences at the C terminus of CA in XMRV and M-PMV are
what prevents the in vitro assembly of mature virus-like assem-
blies.

Given the high degree of sequence similarity to MLV Gag, the
arrangement in the immature-like in vitro-assembled XMRV par-
ticles should be comparable to that in immature MLV particles, as
described by Yeager et al. (67). Indeed, we found that the two
particles have similar appearances and adopt a hexameric lattice
with the same spacing. The CA and NC domains formed notice-
able layers in both CEM and TEM images of the in vitro-assembled
XMRV �10CANC, which correspond well to the features in the
immature MLV particles shown by Yeager et al. (67).

3D structural analysis of the particles revealed that they form
an ordered hexameric lattice with structural features mostly sim-
ilar to those previously described for HIV, M-PMV, and RSV par-
ticles. Unexpectedly, in contrast to the other viruses, we found
that the outermost layer in the XMRV �10CANC particles, corre-
sponding to the CA-NTD region, does not form an ordered hexa-
meric lattice. Two formal explanations can be considered: the CA-
NTD may be laterally disordered in the in vitro-assembled XMRV
particles, or gammaretroviruses may adopt a structural arrange-
ment different from that of other retroviruses, in which, for ex-
ample, part of CA-NTD may fill the typical holes in the CA-NTD
layer, giving a smooth appearance. Given the high degree of
secondary-structure similarity between the CA-NTD of MLV and
those of other retroviruses, we consider the second possibility
highly unlikely. It is sensible to conclude that the in vitro-
assembled XMRV �10CANC particles faithfully mimic the struc-
ture of the immature XMRV Gag lattice in the CA-CTD and re-
gions immediately downstream but show some lateral disorder in
the CA-NTD region. We hypothesize that the difference in the
order of CA-NTD (as shown in the RAF plots and in the 3D struc-
ture [Fig. 5C and 6B, respectively]) could explain the different
appearances of the TEM images of negatively stained XMRV par-
ticles compared to HIV-1 and M-PMV (Fig. 3D). Although the
cEM radial densities of XMRV and HIV-1 are very similar (Fig.
5B), showing the same radial positions of the CA-NTD, CA-CTD,
and RNP domains, the cryo-electron tomography clearly shows
that the degree of order in the XMRV CA-NTD (as shown in the
RAF plots and in the 3D structure [Fig. 5C and 6B, respectively]) is
very different.

Many previous studies indicated the importance of in vitro
assembly studies of different retroviruses to obtain valuable infor-

mation on the principles of retroviral assembly. A system for the in
vitro assembly of MLV was described for CA protein (24) recruited
to lipid nanotubes as an assembly template. Another in vitro as-
sembly was reported recently for MLV Gag (11). However, in this
system, the MLV Gag VLPs were fragile and of “irregular appear-
ance.” The protocol presented here for the efficient in vitro assem-
bly of virus-like Gag-derived particles in solution provides the
basis for future studies of detailed protein packing and arrange-
ment in gammaretroviral particles. Importantly, although the re-
gion downstream of XMRV CA does not contain a spacer peptide
and has an unusual run of charged residues (9), we found that it
assembles into a typical immature retroviral lattice with rod-like
densities linking CA to the RNP. Further investigation of this sys-
tem could therefore help us to better understand the critical role of
the region in retrovirus assembly.
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