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ABSTRACT

The Gag protein is the main retroviral structural protein, and its expression alone is usually sufficient for production of virus-
like particles (VLPs). In this study, we sought to investigate—in parallel comparative analyses—Gag cellular distribution, VLP
size, and basic morphological features using Gag expression constructs (Gag or Gag-YFP, where YFP is yellow fluorescent pro-
tein) created from all representative retroviral genera: Alpharetrovirus, Betaretrovirus, Deltaretrovirus, Epsilonretrovirus, Gam-
maretrovirus, Lentivirus, and Spumavirus. We analyzed Gag cellular distribution by confocal microscopy, VLP budding by thin-
section transmission electron microscopy (TEM), and general morphological features of the VLPs by cryogenic transmission
electron microscopy (cryo-TEM). Punctate Gag was observed near the plasma membrane for all Gag constructs tested except for
the representative Beta- and Epsilonretrovirus Gag proteins. This is the first report of Epsilonretrovirus Gag localizing to the nu-
cleus of HeLa cells. While VLPs were not produced by the representative Beta- and Epsilonretrovirus Gag proteins, the other Gag
proteins produced VLPs as confirmed by TEM, and morphological differences were observed by cryo-TEM. In particular, we
observed Deltaretrovirus-like particles with flat regions of electron density that did not follow viral membrane curvature, Lenti-
virus-like particles with a narrow range and consistent electron density, suggesting a tightly packed Gag lattice, and Spumavirus-
like particles with large envelope protein spikes and no visible electron density associated with a Gag lattice. Taken together,
these parallel comparative analyses demonstrate for the first time the distinct morphological features that exist among retrovi-
rus-like particles. Investigation of these differences will provide greater insights into the retroviral assembly pathway.

IMPORTANCE

Comparative analysis among retroviruses has been critically important in enhancing our understanding of retroviral replication
and pathogenesis, including that of important human pathogens such as human T-cell leukemia virus type 1 (HTLV-1) and
HIV-1. In this study, parallel comparative analyses have been used to study Gag expression and virus-like particle morphology
among representative retroviruses in the known retroviral genera. Distinct differences were observed, which enhances current
knowledge of the retroviral assembly pathway.

The Gag polyprotein is the primary retroviral structural protein
responsible for orchestrating retrovirus assembly. HIV-1 Gag

has arguably been the most extensively studied Gag polyprotein to
date (1–7); however, distinct differences in the biology of retrovi-
ral Gag proteins have emphasized the importance of comparative
analyses in order to gain further insights (8).

The Gag polyprotein is functionally conserved across the two
retroviral subfamilies (i.e., Orthoretrovirinae and Spumaretroviri-
nae). While the six genera in the Orthoretrovirinae subfamily
(Alpha-, Beta-, Delta-, Epsilon-, Gamma-, and Lentivirus) and the
single genus in the Spumaretrovirinae subfamily (Spumavirus) all
encode Gag and have similar genomic organizations, distinct dif-
ferences among the Gag proteins impact their replication and as-
sembly processes. Specifically, while the Gag polyprotein serves
the same function for all seven genera, analysis of Gag tertiary
structures reveals differences between the two subfamilies. Anal-
ysis of the Gag N-terminal domain (NTD) of human foamy virus
(HFV; Spumavirus) has revealed a structure that is unrelated to
orthoretroviral Gag proteins, containing many �-sheet structures
whereas orthoretroviral Gags contain �-helical structures (9).

The Gag polyprotein of the Orthoretrovirinae consists of three
structurally distinct but functionally overlapping structural do-
mains. The N-terminal domain of Gag (matrix [MA]) facilitates
both Gag-membrane and Gag-RNA interactions (10). The capsid

(CA) domain is primarily responsible for Gag-Gag interactions,
and the C-terminal region encodes the nucleocapsid (NC) do-
main, which is particularly crucial for retroviral RNA packaging
and stabilizing CA-CA interactions (11, 12). Other domains are
encoded by some orthoretroviral Gag proteins. For example, len-
tiviruses such as HIV-1 encode the spacer peptide 1 (SP1) and
spacer peptide 2 (SP2), which flank the NC domain, and the p6
domain, which is located at the C terminus of HIV-1 Gag. During
or at completion of virus budding, the viral protease is activated,
cleaving the Gag polyprotein into mature viral proteins. MA re-
mains associated with the viral membrane, and CA forms a capsid
core structure that encapsulates the NC protein bound to the viral
RNA along with reverse transcriptase and integrase. Unlike the
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orthoretroviral Gag proteins, spumaviral Gag proteins do not un-
dergo extensive proteolytic processing and typically remain in a
polyprotein form during the virus assembly process (13).

In this study, we sought to devise a parallel comparative
analysis of Gag proteins and the resultant Gag-based VLPs
from representatives of the various retroviral genera. The goal
of this comparative analysis was to determine whether there
were differences in the general subcellular distribution of the
various Gag proteins and whether variations existed regarding
the general morphology of VLPs produced in a parallel man-
ner. Differences were observed among both the Orthoretroviri-
nae and the representative member of the Spumaretrovirinae. Key
observations include the nuclear localization of Epsilonretrovirus
Gag, Deltaretrovirus-like particles with flat regions of electron
density representative of the immature Gag lattice, and HIV-2
Lentivirus-like particles with a narrow range of particle size and
consistent electron density below the viral membrane, suggesting
a tightly packed Gag lattice. These results support the argument
for how comparative analyses can be critically important for gain-
ing new insights into the retroviral assembly pathway.

MATERIALS AND METHODS
Plasmids and cell lines. Codon-optimized gag genes of HIV-1 (Lentiret-
rovirus), HIV-2 (Lentiretrovirus), murine leukemia virus (MLV; Gamma-
retrovirus), mouse mammary tumor virus (MMTV; Betaretrovirus), hu-
man foamy virus (HFV; Spumavirus), and walleye dermal sarcoma virus
(WDSV; Epsilonretrovirus) were designed using the UpGene program
(14) and synthesized by Genscript Co. (Piscataway, NJ). Gag genes were
based on the following sequences: HIV-1 (bases 1 to 500 from GenBank
accession number NP_057850.1), HIV-2 (bases 1103 to 2668 from
GenBank accession number M30502.1), MMTV (bases 313 to 2088
from GenBank accession number AF033807.1), MLV (bases 357 to
1973 from GenBank accession number AF033811.1), HFV (bases 1869
to 2815 from GenBank accession number Y07725.1), and WDSV (bases
800 to 2548 in GenBenk accession number AF033822.1). Each gag gene
expression cassette was created to contain a 5= Kozak sequence (GCACC
ATG, start codon in bold) (15, 16). HindIII and BamHI restriction sites
were engineered at the 5= and 3= ends of the genes, respectively, for sub-
cloning. Each Gag expression plasmid was created by cloning the gag gene
into the peYFP-N3 vector, creating a carboxy-terminal Gag-eYFP fusion
(where eYFP is enhanced yellow fluorescent protein), or by cloning into
the pN3 vector, where the eYFP tag was removed by deletion of the
BamHI-NotI restriction fragment. The human T-cell leukemia virus
type 1 (HTLV-1; Deltaretrovirus) codon-optimized Gag-eYFP plasmid
has been previously described (17). A codon-optimized Rous sarcoma
virus (RSV; Alpharetrovirus) gagpro was created (bases 381 to 2485 from
GenBank accession number AF033808.1) using the same general strategy
as that of the gag expression constructs in order to create peYFP-N3-RSV
gagpro and pN3-RSV gagpro. The RSV pro sequence was removed from
pN3-RSV gagpro by engineering a stop codon at position 2110 using
primers 5=-CCTCCGGCCGTGTCCTAAGCGATGACCATGG-3= and
5=-CCATGGTCATCGCTTAGGACACGGCCGGAGG-3= (stop codon in
bold). To create peYFP-N3-RSV gag, the following dinucleotide sequence
was synthesized as a gBlock (Integrated DNA Technologies, Coralville,
IA) containing a 5= flanking BglII site and a 3= flanking BamHI site (se-
quence , 5 =-CGGGATGGGGCATAACGCTAAGCAGTGCCG
AAAGCGAGACGGGAACCAGGGACAGCGCCCTGGCAGGGGGCT
GTCCTCCGGCCCATGGCCGGGTCCCGAGCCTCCGGCCGTGTC
CGGATCCATCGCCACCATGGTGAGC-3=). The restriction sites were
used to clone the sequence into the N3-eYFP vector, removing the pro
sequence.

A codon-optimized WDSV env gene (bases 5974 to 9651 in GenBank
accession number AF033822.1) was constructed as described above for
the gag gene expression constructs. The HFV env plasmid, pCiES (18), was

a kind gift from Maxine Linial. The MMTV env expression plasmid, Q61
(19), was a kind gift from Jackie Dudley and Susan Ross. The RSV env
expression plasmid was kindly provided by Marc Johnson (20). The
HTLV-1 env expression construct, CMV-ENV, was kindly provided by
Kathryn Jones and Marie-Christine Dokhelar (21). The MLV env expres-
sion construct, SV-A-MLV-env, has been previously described (22). HeLa
cells and HEK293T cells were purchased from ATCC (Manassas, VA) and
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FetalClone III (FC3; GE Healthcare Lifesciences, Logan,
UT).

Confocal microscopy. HeLa cells were grown in six-well plates with
1.5-mm glass slides coated with poly-L-lysine. The cells were transiently
transfected with peYFP-N3-gag plasmids and pN3-gag plasmids at a 1:4
weight ratio using Genjet according to the manufacturer’s instructions
(SignaGen, Gaithersburg, MD). The homologous env expression con-
struct for each retroviral Gag (e.g., HIV-2 Env and HIV-2 Gag) was
cotransfected into the HeLa cells at a plasmid weight ratio of 1:10 for the
Env and Gag expression plasmids for RSV, HTLV-1, MLV, and HIV-2.
The MMTV and WDSV Env and Gag expression plasmids were cotrans-
fected at a weight ratio of 1:1, respectively. HFV was cotransfected at an
Env-to-Gag expression plasmid weight ratio of 1:16. Sixteen to 24 h post-
transfection, cells were washed with phosphate-buffered saline (PBS) and
fixed with 4% paraformaldehyde for 30 min. Cells were then washed with
PBS containing 0.05% Triton X-100 (Sigma-Aldrich, St. Louis, MN). The
actin proteins were stained using ActinRed 555 ReadyProbes Reagent
(Life Technologies, Gaithersburg, MD) according to the manufactur-
er’s instructions. Coverslips were mounted on slides and preserved with
ProLong Diamond Antifade Mountant with 4=,6-diamidino-2-phenylin-
dole (DAPI; Life Technologies). Subcellular localization of Gag-eYFP was
determined using a Zeiss LSM 700 confocal laser scanning microscope
with a Plan-Apochromat 63�/1.40 numerical aperture (NA) oil objective
at 1.2 zoom. A range of WDSV Env and Gag expression plasmid cotrans-
fection ratios were tested, and at least 50 cells were imaged for each trans-
fection ratio. The percentage of cells containing YFP Gag outside the
nucleus were determined by qualitative evaluation of the images. Each
replicate was normalized to the percentage of cells containing cytoplasmic
Gag in the transfection of no Env, and the fold increases were calculated
for 1:5 and 1:10 Env:Gag transfections.

Transmission electron microscopy of 293T cells producing virus-
like particles. Transfection of 293T cells with pN3-gag plasmids was done
at a plasmid weight ratio of 10:1 for the Gag and Env expression plasmids,
respectively, unless otherwise noted previously. Forty-eight hours post-
transfection, cells were harvested and washed two times with 0.1 M so-
dium cacodylate. Cells were pelleted, fixed with 2.5% glutaraldehyde for
40 min, and then washed three times with 0.1 M sodium cacodylate.
Samples were then postfixed with 1% OsO4 for 30 min. Cells were washed
three times before they were dehydrated in a grade series of ethanol. Sam-
ples were then embedded in EMbed 812 resin. Ultrathin sections (65 nm)
were stained with uranyl acetate and lead citrate. Samples were examined
with a JEOL 1200EX II transmission electron microscope.

Cryo-TEM of virus-like particles. Cotransfection of 293T cells with
the pN3-gag expression constructs and their homologous Env expression
plasmids was done using GenJet at a weight ratio of 10:1, respectively,
unless otherwise noted previously. Forty-eight hours posttransfection, the
cell culture supernatant was harvested and centrifuged at 3,000 � g for 5
min to remove large cellular debris. The supernatant was then passed
through a 0.2-�m filter to remove any other debris or vesicles. VLPs were
concentrated by ultracentrifugation in a 50.2 Ti rotor (Beckman) at
35,000 � g for 90 min through an 8% OptiPrep (Sigma-Aldrich) cushion.
The VLP pellets were resuspended in 200 �l 1� STE (10 mM Tris-Cl [pH
7.4], 100 mM NaCl, 1 mM EDTA). The concentrated VLPs were then
centrifuged through a 10 to 30% OptiPrep gradient in an SW55 Ti rotor
(Beckman) at 45,000 � g for 3 h. The visible VLP band was extracted and
pelleted in 1� STE at 35,000 � g for 1 h using a SW55 Ti rotor. The pellet
was resuspended in 10 �l 1� STE and frozen at �80°C. The sample was
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thawed on ice prior to analysis by cryogenic transmission electron micros-
copy (cryo-TEM).

VLP samples were prepared for cryo-TEM as previously described
(17). Briefly, 3 �l of concentrated VLP sample was applied to a glow-
discharged c-flat holey carbon grid (Ted Pella, Redding, CA) and then
blotted with filter papers to remove the sample excess. The grid was then
plunged frozen into liquid ethane (23) with an FEI MarkIII Vitrobot sys-
tem. The frozen grids were then transferred to an FEI TF30 field emission
gun transmission electron microscope at liquid nitrogen temperature
(FEI Company, Hillsboro, OR). Images were then recorded at a nominal
magnification of �39,000 and �59,000 under low-dose (�30 electrons/
Å2) and 1- to 5-�m underfocus conditions using a Gatan 4k by 4k charge-
coupled-device (CCD) camera (Gatan Inc., Pleasanton, CA).

Image analysis of virus-like particles. Cryo-TEM images of VLPs
were used for all analyses. VLP diameter was measured using ImageJ soft-
ware (NIH, Bethesda, MD). For each VLP, two perpendicular diameters
were measured and used to calculate an average diameter. The histogram
was generated using GraphPad Prism 5 software (GraphPad, La Jolla,
CA). Radial density profiles were calculated using the Radial Profile Ex-
tended applet in ImageJ. The ImageJ circle tool was used to encompass a
VLP of average size for each genus tested, with the center of the circle lying
in the center of the particle. The average image intensity for each radial
point was obtained from running the applet. This was repeated for three
VLPs of the same size and shape. The background was subtracted, and
both the average and standard deviation were normalized to 1. The radial
density profiles for all three VLPs measured were aligned based on the
electron-dense peak for the lipid bilayer. The averaged radial density pro-
files were plotted using GraphPad Prism 5 software.

RESULTS
Gag subcellular localization in cells. In order to investigate the
subcellular distribution of the eight different retroviral Gag pro-
teins, peYFP-N3-Gag expression constructs were engineered to
express a Gag-YFP fusion for each of the retroviral genera. The
tagged Gags were cotransfected at a 1:4 ratio with untagged Gags
to maintain untagged Gag distribution phenotypes. Transiently
transfected HeLa cells were analyzed using confocal microscopy
16 to 24 h posttransfection. The cell perimeter was visualized us-
ing actin staining. All images shown are optical sections of a rep-
resentative cell at the widest section of the cell. More than 50 cells
were qualitatively analyzed before representative cells were se-
lected for imaging. While some variability existed based on hours
posttransfection and Gag expression level, Gag distribution
within the cells remained fairly consistent within genera. RSV had
puncta that appeared in the cytoplasm and around the plasma
membrane in addition to a low level of diffuse fluorescence found
in the nucleus (Fig. 1A). HTLV-1, MLV, HIV-1, and HIV-2 all
have puncta appearing both near the cell membrane and through-
out the cytoplasm (Fig. 1C to F). Unlike the other retroviral Gag
proteins analyzed, both MMTV and HFV were primarily found in
the cytoplasm (Fig. 1B and G), with very few puncta appearing
around the membrane. This was expected for MMTV and HFV, as
these Gag proteins are known to traffic to intracellular membranes
to initiate particle assembly (3, 24). HFV was also found on the
apical side of the nucleus (Fig. 1G, arrow).

Cells transiently transfected with peYFP-N3-WDSV Gag pri-
marily had fluorescence localized in or around the nucleus (Fig.
1F). The subcellular localization of WDSV Gag has not been pre-
viously described, and the primarily nuclear localization appears
to be novel among the other retroviral genera tested here. Diffuse
eYFP-WDSV Gag was also observed to be closely associated with
the nucleus but not overlapping DAPI-stained regions (Fig. 1G;

Fig. 2B, arrow). In the absence of WDSV Env expression, fewer
than 15% of transfected cells were observed to have eYFP-WDSV
Gag puncta in the cytoplasm. Coexpression of WDSV Gag and
Env at 1:10 and 1:5 ratios, respectively, increased the proportion of
cells expressing cytoplasmic Gag puncta (Fig. 2B and C); however,
the overall percentage of cells with Gag in the cytoplasm was still
relatively low compared to what was seen in other retroviral gen-
era. This indicates that the WDSV Env influenced Gag localization
in cells.

Thin-section transmission electron microscopy. Thin-sec-
tion TEM of 293T cells was performed to visualize VLPs produced
by cells transiently transfected with a Gag and corresponding Env
expression constructs. Forty-eight hours posttransfection, cells
were fixed and stained in preparation for thin-section TEM. Elec-
tron densities, consistent with the immature Gag lattice, were ob-
served in cells transfected with RSV, MLV, MMTV, HTLV-1,
HIV-1, and HIV-2 Gags (Fig. 3A to F). No evidence of particle
assembly was observed in or around cells transfected with WDSV
Gag, presumably due to the nuclear localization of this Gag pro-
tein.

As expected, electron-dense MMTV-like particles were ob-
served primarily intracellularly and were associated with large,
electron-lucent vesicles (Fig. 3A). This has been previously ob-
served for viruses found in mouse mammary tumor cells and
more recently demonstrated for Mason-Pfizer monkey viruses
produced from a full-length MPMV genome (25, 26). The elec-
tron densities consistent with the Gag lattice were approximately
90 nm in diameter and were abundant in transfected cells. Few
electron densities resembling the MMTV Gag lattice were ob-
served near the plasma membrane. Transfection with HIV-1,
HIV-2, RSV, MLV, and HTLV-1 Gag resulted in VLP production
at the plasma membrane (Fig. 3B to F). HIV-2 VLPs were found
budding at both the cell membrane and into intracellular vesicles,
which has been observed before in 293T cells transfected with
HIV-1 Gag (27). Observations of cells transfected with HIV-1,
HTLV-1, MLV, and RSV Gags correlated with previous observa-
tions for these viral proteins (28–30).

Unlike what was seen in the orthoretroviruses, VLPs produced
by HFV Gag were not observed to be associated with a distinct
electron density (Fig. 3G), but particles with diffuse electron den-
sity that were approximately 80 to 90 nm in diameter were ob-
served. In addition, these VLPs contained small electron-dense
regions around them that were consistent with HFV Env protein
spikes (Fig. 3G, arrow).

Cryo-TEM of Gag-based VLPs. Cryo-TEM was done to ana-
lyze VLPs produced from 293T cells that had been transiently
transfected with Gag and Env expression constructs for each of the
representative retroviruses under study. Forty-eight hours post-
transfection, the VLPs were purified on an Opti-Prep gradient and
visualized using cryo-TEM. VLPs were not readily produced by
transfection of 293T cells with MMTV Gag or WDSV Gag, so no
particle analysis was performed. RSV, HTLV-1, MLV, HIV-1,
HIV-2, and HFV VLPs were produced at sufficient levels to allow
for morphological analyses (Fig. 4A to F). With the exception of
VLPs produced by HFV Gag (Fig. 4E), all observed VLPs were
spherical with electron density below the VLP membrane. In ad-
dition, VLPs produced from all Gag proteins resulted in a distri-
bution of particle sizes, with a general range from 81 to 200 nm in
diameter (Fig. 5A to F).

VLPs produced from RSV Gag were found to be 128 � 13 nm
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FIG 1 Cellular localization of transient Gag-YFP expression in HeLa cells. HeLa cells were transiently cotransfected with 4:1 weight ratios of untagged Gag to
YFP-tagged Gag in addition to homologous envelope plasmids as described in Materials and Methods. (A) Rous sarcoma virus (RSV); (B) mouse mammary
tumor virus (MMTV); (C) human T-cell leukemia virus type 1 (HTLV-1); (D) murine leukemia virus (MLV); (E) HIV-1; (F) HIV-2; (G) human foamy virus
(HFV); (H) walleye dermal sarcoma virus (WDSV). Optical sections close to the bottom of the cells were standardly used for collecting representative images of
Gag-YFP localization. Nuclei were identified with DAPI stain (blue), and actin filaments were identified with the ActinRed 555 ReadyProbes reagent (red).
Gag-YFP expression was identified by green fluorescence. Scale bar, 10 �m.
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in diameter (Fig. 5A), which is similar to previously reported val-
ues (5). The majority of RSV VLPs had electron density consistent
with an immature Gag lattice that followed the curvature of the
inner viral membrane, but there were some instances of particles
where there were discontinuities in electron density or where the
density did not strictly follow the curvature of the inner viral
membrane (Fig. 4A, arrow). Similar to RSV-like particles, the
VLPs produced by HTLV-1 Gag expression also had regions
where there were discontinuities in electron density below the
viral membrane (Fig. 4B). MLV-like particles also contained dis-

continuities in electron density beneath the viral membrane (Fig.
4C, arrow), with an average particle diameter of 124 nm. Intrigu-
ingly, there appeared to be two distinct particle subpopulations
among the MLV-like particles. The majority (�80%) of these par-
ticles were observed in the range of 70 to 140 nm. A minority
(�20%) of the particles were observed in the range of 160 to 210
nm. The particle morphologies for the two subpopulations were
comparable (Fig. 4C). Of the five orthoretrovirus VLPs observed,
VLPs produced by HTLV-1 Gag were the smallest, with an average
size of 116 � 28 nm in diameter (Fig. 5B). HTLV-1-like particles

FIG 2 Differential walleye dermal sarcoma virus (WDSV) Gag-YFP localization by WDSV Env expression. HeLa cells were transiently transfected as described
in Materials and Methods with 1:4 weight ratios of WDSV Gag-YFP and untagged WDSV Gag in addition to WDSV Env expression plasmids at ratios of either
1:10 or 1:5. Cells were fixed, DAPI stained, and stained with ActinRed 16 h posttransfection. Images collected by confocal microscopy were used to evaluate cells
for subcellular localization of WDSV Gag-YFP. (A) Representative examples of HeLa cells with no WDSV Gag-YPF puncta observed in the cytosol from
transfections with no Env. (B) Representative examples of HeLa cells with WDSV Gag puncta observed in the cytosol from 1:10 or 1:5 cotransfections. Scale bar,
10 �m. (C) Fold increase in percentage of cells with Gag in the cytoplasm in different Env cotransfection ratios based on analysis of 50 cells (n 	 3).
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had regions of electron density resembling the Gag lattice that
were flat and did not follow the curvature of the lipid bilayer (Fig.
4B, arrow) (31).

HIV-2-like particles were found to have an average particle
diameter of 154 � 20 nm in diameter (Fig. 5E), which was signif-
icantly larger than the observed diameter of HIV-1-like particles
(141 � 35.1 nm) (Table 1). The diameter of HIV-1-like particles
falls within the range of previous reports of the diameter of HIV-1
or HIV-1-like particles (32, 46). Compared to the other retrovi-
rus-like particles in this study, the HIV-2-like particles had a nar-
row size distribution and a uniform particle morphology. In par-
ticular, these VLPs were observed to have a very organized
electron density beneath the viral membrane. This organized den-
sity is suggestive of a tightly packed immature Gag lattice that
closely follows the inner viral membrane.

HFV-like particles had a unique particle morphology that was
clearly distinguishable from the other retrovirus-like particles an-
alyzed in this parallel comparative study. First, there was no dis-
tinguishable electron density found within the particles that
would be consistent with an immature Gag lattice. The vast ma-
jority of particles observed were studded with electron-dense pro-
jections (16 � 2 nm) that were morphologically consistent with
HFV Env proteins. In addition, more than 50% of the visible par-
ticle surface was decorated with these electron-dense projections.
It is interesting that the production of HFV-like particles was from
a 1:16 cotransfection of the HFV Env expression plasmid (pCiEs)
to that of the HFV Gag expression plasmid (pN3-HFV-gag), re-
spectively, which is a lower level of Env plasmid than for the other
Gags. The HFV-like particles were also distinct in their relatively
small size, with an average diameter of 82.5 � 30 nm, excluding
the length of the Env projections (Fig. 5F).

Radial density profile analysis. Particles characterized by
cryo-TEM were further analyzed to determine their radial density
profiles. For each retrovirus-like particle, 3 representative parti-

cles that were within 2 nm of each other in particle diameter were
analyzed using the Radial Profile Extended applet in ImageJ. The
integrated intensity units were corrected for background, and the
average and standard deviation were normalized to a value of 1.
The integrated intensity units for each of the three VLPs were then
averaged and plotted with the standard error of the mean (Fig. 6A
to E).

A distinct electron-dense peak, which is representative of the
lipid bilayer, was seen in all radial density profiles (indicated by the
blue box) (Fig. 6A to F). It is generally assumed that the MA
domain for orthoretroviral Gags remains associated with the viral
membrane and therefore has no distinct peak. Distinct electron
density peaks that are consistent with the CA NTD and C-terminal
domain (CTD) for the VLPs of RSV, HTLV-1, MLV, HIV-1, and
HIV-2 were observed. In contrast, no electron density peaks con-
sistent with the CA NTD or CTD were observed for HFV-like
particles. Analysis of MLV- and RSV-like particles revealed a large
space in electron density between the viral membrane and the
presumed CA subunit, 12 and 18 nm, respectively. This space in
electron density could be due to a long flexible linker connecting
the MA domain and the CA NTD (p12 in MLV and p10 in RSV)
(Table 1) (33, 34). In addition, the MLV- and RSV-like particles
also have a relatively large space between the two electron density
peaks representing the inner and outer CA subdomains. While
there were no distinct peaks visible that would be consistent for a
CA NTD or CTD for HFV-like particles, which may be due to the
lack of a typical orthoretroviral Gag conformation, there was a
distinct density from 49 nm to 52 nm that would be consistent
with the HFV Env protein on the surface of particles.

DISCUSSION

To our knowledge, this is the first comprehensive comparative
study of retrovirus-like particle morphology performed in parallel
using a Gag expression construct along with the corresponding

FIG 3 Transmission electron microscopy of 293T cells transiently transfected with retroviral Gag expression constructs. 293T cells were transiently transfected
as described in Materials and Methods with a Gag expression construct along with the homologous Env expression construct. Cells were prepared and analyzed
by transmission electron microscopy as described in Materials and Methods. Shown are virus-like particle productions from 293T cells of mouse mammary
tumor virus (MMTV) Gag (A), HIV-2 Gag (B), HIV-1 Gag (C), Rous sarcoma virus (RSV) Gag (D), murine leukemia virus Gag (E), human T-cell leukemia virus
type 1 (HTLV-1) Gag (F), human foamy virus (HFV) Gag (G). Scale bar, 200 nm.

Comparative Parallel Analyses of VLP Morphologies

September 2016 Volume 90 Number 18 jvi.asm.org 8079Journal of Virology

http://jvi.asm.org


FIG 4 Cryo-TEM of retrovirus-like particles produced by transient expression of Gag in 293T cells. 293T cells were transiently transfected with selected retroviral
Gag expression plasmids and homologous Env expression constructs (ratio of 10:1 for RSV, HTLV-1, MLV, HIV-1, and HIV-2; ratio of 16:1 for HFV) as
described in Materials and Methods. Virus-like particles were collected and purified from the cell culture supernatant. (A) Rous sarcoma virus (RSV); (B) human
T-cell leukemia virus type 1 (HTLV-1); (C) murine leukemia virus (MLV); (D) HIV-1; (E) HIV-2; (F) human foamy virus (HFV). Scale bar, 50 nm.
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retroviral Env expression plasmid (e.g., HIV-2 Gag expression
plasmid and HIV-2 Env expression plasmid). In particular, we
selected at least one representative virus from each of the retroviral
genera to analyze the differences in Gag subcellular localization as
well as in general particle morphology and size. A practical advan-
tage of this experimental system is that it helps to limit variables
related to biological differences in virus replication among the
different retroviruses. While authentic viral RNA for each virus
was not available for packaging into particles, the system is stan-
dardized in that the same cellular RNA is available for all RNA

packaging, limiting cell type variability as well. Through the use of
this system, we observed both distinct differences and similarities
in the characteristics of the retrovirus-like particles produced and
the distribution of Gag in cells.

In this study, WDSV (Epsilonretrovirus) Gag appeared to local-
ize in the nucleus, and perhaps near the nucleus, which is a new
observation. There have been no previous analyses of WDSV Gag
localization or protein structure, but based on sequence homol-
ogy, WDSV Gag has similarities to other orthoretrovirus Gag pro-
teins; however, the distinct subcellular localization distinguishes

FIG 5 Analysis of the distribution of retrovirus-like particle diameters. Using images collected by cryo-TEM, retrovirus-like particle diameters were measured
in two perpendicular directions and averaged. A minimum of two independently prepared particle preparations were used for the particle diameter analyses. (A)
Rous sarcoma virus (RSV); (B) human T-cell leukemia virus type 1 (HTLV-1); (C) murine leukemia virus; (D) HIV-1; (E) HIV-2; (F) human foamy virus (HFV).

TABLE 1 Summary of the dimensionsa of virus-like particles and Gag lattice structures based upon cryo-TEM

Dimension RSV MLV HTLV-1 HIV-1 HIV-2 HFV

Avg particle diam 128 (�13.1) 125 (�33.8) 116.6 (�27.8) 141 (�35.1)b 154.5 (�20.0)b 82.5 (�29.8)
Radius to inner CA subdomain �26 �41 �39 �49 �53 NDc

Radius to outer CA subdomain �39 �51 �44 �55 �60 ND
Distance from lipid bilayer to outer CA subdomain �18 �12 �10 �10 �9 ND
Length of Env protrusions ND ND ND ND ND 16 (�2.1)
a All values are averages (� standard deviations) in nanometers.
b HIV-2-like particles are significantly larger than HIV-1-like particles (t test, P 	 0.0002).
c ND, not determined.
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this Gag. We also observed that the WDSV Env appears to influence
WDSV Gag localization, as coexpression of both Gag and Env re-
sulted in the cytoplasmic appearance of WDSV Gag, though the ma-
jority remained in the nucleus regardless of Env expression. When
investigated by thin-section TEM, there was no evidence of intracel-
lular assembly of particles. The WDSV accessory protein, open read-
ing frame (Orf) A (rv-cyclin), has also been observed to localize in the
nucleus and may interact with the Gag protein there (35). Further
studies are needed to better understand the nature of the nuclear
localization of WDSV Gag, whether WDSV Gag nuclear localization
may facilitate interaction with RNA as it does for RSV (36), and the
general requirements for virus particle release from cells.

Many previous studies have evaluated the immature particle
morphology of MLV (Gammaretrovirus), HIV-1 (Lentiretrovirus),
RSV (Alpharetrovirus), and MPMV (Betaretrovirus) (37, 38) (5)
(4, 39). In contrast, limited information is available regarding
MMTV (Betaretrovirus), HTLV-1 (Deltaretrovirus), HIV-2 (Len-
tiretrovirus), HFV (Spumavirus), and WDSV (Epsilonretrovirus)

immature or mature particle morphology. For example, MMTV par-
ticles were previously purified from murine cells and visualized by
thin-section microscopy (40), and authentic HTLV-1, HFV, and
MLV have been visualized by cryo-TEM or cryo-electron tomogra-
phy (41–43). Our study provides, to our knowledge, the first infor-
mation regarding HIV-2-like particle morphology, and no reports
are available on WDSV particle morphology.

Based on the structural similarities among most Gags, HIV-1
Gag trafficking and localization are often used as a reference
model for many different retroviruses. Our findings here indicate
that HIV-1 Gag packaging may not be a good model for many
retroviral Gag studies, as we found a wide range of particle sizes
and morphologies in our analysis. This is highlighted by our anal-
ysis of HIV-2 Gag-based VLPs, which is a lentivirus closely related
to HIV-1. HIV-2 Gag has a subcellular distribution similar to what
is seen for HIV-1 based on confocal analysis, but it produces par-
ticles that are distinct in size and morphology, indicating differ-
ences between particle assembly and/or the nature of the imma-

FIG 6 Radial density profile analysis of retrovirus-like particles. The solid black line indicates the average retrovirus-like particle density measured. The
dashed red line indicates the standard error of the mean. The radial density profiles shown were averaged from three particles of median size. (A) Rous
sarcoma virus (RSV); (B) human T-cell leukemia virus type 1 (HTLV-1); (C) murine leukemia virus (MLV); (D) HIV-1; (E) HIV-2; (F) human foamy
virus (HFV). As points of reference, the blue horizontal box indicates the location of the lipid bilayer density, the purple box indicates the location of CA
densities, and the orange box indicates the Env density.
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ture Gag lattice. Intriguingly, HIV-1 and HIV-2 Gags can
assemble together into the same VLPs, indicating that the Gags
still share many similarities (44).

Our observations indicate that orthoretrovirus VLPs share some
morphological features, such as a spherical shape, a distribution of
diameter sizes, and distinct inner and outer CA ring densities. This is
not particularly surprising given that retroviral CA structures are
markedly similar even with little amino acid sequence homology.
Despite these similarities, all of the orthoretrovirus VLPs observed
here have distinguishing morphological features. These differences
may be in part due to distinguishing features of the Gags outside the
CA domain, such as the linker domains that connect the RSV and
MLV MA and CA, which can lead to a large distance from the lipid
bilayer to the outer CA ring. We observed that this may be different
for HIV-2, however, as the electron density remained closely associ-
ated with the viral membrane, possibly due to a smaller linker be-
tween HIV-2 MA and CA.

HFV VLPs were markedly different from the Orthoretrovirus
VLPs. This could be due to the nature of HFV particle assembly,
which occurs intracellularly at the endoplasmic reticulum and re-
quires expression of the homologous HFV Env protein (3, 45).
The requirement of Env protein expression for HFV-like particle
assembly perhaps explains the high occurrence of spike-like pro-
trusions on the surface of HFV-like particles. Furthermore, the
lack of electron density that would correspond to an immature
Gag lattice may be due to an unusual structure and folding of HFV
Gag, which helps to distinguish spumaviral Gag proteins from
orthoretroviral Gag proteins.

Taken together, these parallel comparative analyses have iden-
tified distinct features that exist among retrovirus-like particles. In
particular, differences were observed with WDSV, HTLV-1, and
HIV-2. These studies emphasize the differences that exist among
retroviruses in regard to particle assembly/morphology, and the
importance of their study in order to gain deeper insights into
retroviral assembly.
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