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The Moloney murine leukemia virus (MMLV) belongs to the Retroviridae family of enveloped viruses, which
is known to acquire minute amounts of host cellular proteins both on the surface and inside the virion. Despite
the extensive use of retroviral vectors in experimental and clinical applications, the repertoire of host proteins
incorporated into MMLV vector particles remains unexplored. We report here the identification of host
proteins from highly purified retroviral vector preparations obtained by rate-zonal ultracentrifugation. Viral
proteins were fractionated by one-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
in-gel tryptic digested, and subjected to liquid chromatography/tandem mass spectrometry analysis. Immu-
nogold electron microscopy studies confirmed the presence of several host membrane proteins exposed at the
vector surface. These studies led to the identification of 27 host proteins on MMLV vector particles derived
from 293 HEK cells, including 5 proteins previously described as part of wild-type MMLV. Nineteen host
proteins identified corresponded to intracellular proteins. A total of eight host membrane proteins were
identified, including cell adhesion proteins integrin �1 (fibronectin receptor subunit beta) and HMFG-E8,
tetraspanins CD81 and CD9, and late endosomal markers CD63 and Lamp-2. Identification of membrane
proteins on the retroviral surface is particularly attractive, since they can serve as anchoring sites for the
insertion of tags for targeting or purification purposes. The implications of our findings for retrovirus-
mediated gene therapy are discussed.

The Moloney murine leukemia virus (MMLV) is a simple
prototypical virus of the Retroviridae family of enveloped RNA
viruses. The hallmark of this family lies in their ability to
reverse transcribe their genome from RNA to double-stranded
DNA and integrate into a host chromosome. After integration,
the retroviral DNA (or provirus) is stably maintained in the
cell and is transmitted to the progeny during cell division, like
any regular cellular gene. This ability of retroviruses to stably
integrate into the host cell genome is precisely what motivated
the development of retroviral gene transfer vectors. In spite of
the widespread use of retroviral vectors in both experimental
and clinical studies, many fundamental aspects of the MMLV
biology remain unclear. In particular, the exact composition of
retroviral particles, in terms of host proteins that are incorpo-
rated into the virions, remains to be determined.

As is the case for most RNA viruses, the MMLV heavily
relies on host cell functions for its replication since it only
carries minimal genetic information. Its genome contains three
coding domains that give rise to the Gag, Gag-Pol, and Env
polyprotein precursors, which are proteolyzed into nine indi-
vidual proteins during virus maturation. Gag is the most abun-
dant polyprotein in the virion, representing about 3/4 of the
total virion protein content. Gag polyprotein (Pr65Gag) is
cleaved during maturation into three structural proteins: ma-
trix (p15MA), capsid (p30CA), and nucleocapsid (p10NC). Gag
also codes for the p12 protein, which possesses no clear func-
tion and therefore is as yet unnamed. Encapsulated within the
MMLV particle are the three pol-encoded viral enzymes es-
sential for viral replication, namely, the reverse transcriptase
(RT), the integrase (IN), and the protease (PR). Retroviral
particles possess a lipid membrane derived from the producer
cell in which is embedded the viral Env protein composed of
the surface (SU) and transmembrane (TM) subunits in wild-
type MMLV. In the case of retroviral vectors, the wild-type
Env protein is frequently replaced by the envelope protein of
other viruses, such as the vesicular stomatitis virus (VSV) gly-
coprotein (VSV-G). Additionally, retroviruses are known to
incorporate minute amounts of host cellular proteins on the
surface and inside the virion (40). Host proteins can be incor-
porated into viral particles either randomly (simply because
they are present at the site of virus budding) or specifically
(because they interact with any of the virus constituents). Some
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of these molecules have been shown to fully retain their func-
tion on the virions and contribute to their pathogenicity (31,
38, 41).

Extensive work has been performed to identify the host
proteins incorporated into the retrovirus human immunodefi-
ciency virus type 1 (HIV-1), the etiological agent of AIDS, by
use of a variety of techniques. The most recent studies exploit
the capability of liquid chromatography/tandem mass spec-
trometry (LC-MS/MS) to identify multiple proteins in these
highly complex mixtures (14, 57). By use of this approach, 253
host proteins were identified in HIV-1 macrophage-derived
virions, including 33 proteins previously described for HIV-1
preparations produced by other cell types (14). Studies have
shown that MMLV particles acquire actin and the actin-bind-
ing protein moesin (35, 44, 46). Ubiquitin, another abundant
cellular protein, was found in the virions not only as free
ubiquitin but also as monoubiquitinated Gag proteins (42, 43).
More recently, endophilin-2, a component of the host cell’s
endocytic machinery involved in clathrin-mediated endocyto-
sis, was found to interact with the MA domain of the MMLV
Gag polyprotein and to be packaged into MMLV-like particles
along with clathrin and �-adaptin (AP-2) (70). To the best of
our knowledge, no host surface protein has been identified for
MMLV particles to date. However, the colocalization of the
Gag polyprotein of MMLV and late endosomal markers (i.e.,
CD63, Lamp-1, CD82) in 293 HEK cells has been shown (60).
These results also suggested that 293-derived MMLV used the
late endosome/exosome sorting pathway to exit the cell, as do
HIV-1 macrophage-derived virions (36, 49).

The identification of host cell-derived proteins incorporated
into retrovirus particles has proved to be difficult due to the
presence of contaminating cell membrane vesicles in purified
preparations. These membrane vesicles have a density similar
to that of virions and were found to copurify with them when
standard equilibrium (isopycnic) density centrifugation tech-
niques were used (9, 22). In a previous study, we reported the
development of a rate-zonal ultracentrifugation strategy that
rendered highly purified retroviral vector preparations free of
any significant cell membrane vesicle contamination and thus
suitable for the study of both interior and exterior virus particle
proteins (58). The high level of purity achieved by this method
was demonstrated using a variety of techniques. In this study,
we report the identification of host proteins on the retroviral
particles purified by rate-zonal ultracentrifugation using MS
analysis and immunogold electron microscopy.

MATERIALS AND METHODS

Retrovirus vector production. The retrovirus used in this study is a MMLV-
derived retrovirus vector produced by the 293-GPG packaging cell line (39). This
cell line, a generous gift from J. Galipeau (Lady Davis Institute for Medical
Research, Montreal, QC, Canada), generates a VSV-G-pseudotyped retrovirus
vector encoding a fusion protein between the herpes simplex virus thymidine
kinase (TK) protein and the green fluorescent protein (48). Suspension-adapted
cell cultures were maintained in calcium-free Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum (HyClone, Logan, UT) and
tetracycline (1 �g/ml; Fisher Scientific, Nepean, ON, Canada). Vector stocks
were produced by omitting tetracycline from the culture medium, thus inducing
VSV-G expression as described before (59). A pool of crude virus supernatants
from the different days of harvest was clarified by microfiltration and concen-
trated 20-fold by ultra/diafiltration (59).

Retrovirus vector purification. Concentrated virus supernatant stocks were
purified by rate-zonal ultracentrifugation followed by size exclusion chromatog-

raphy as previously described (58). Briefly, retrovirus particles were isolated by
carefully layering 3 ml of 20-fold-concentrated virus stock on top of a 10 to 30%
continuous iodixanol gradient (34 ml). Ultracentrifugation was carried out in a
Beckman ultracentrifuge using a SW28 rotor and spinning at 100,000 � g for 4 h
at 4°C. Three fractions were collected by puncturing the bottom of the tube:
bottom fraction (12.5 ml), virus-containing fraction (10 ml), and top fraction
(14.5 ml). Prior to chromatography, concentration of the virus-containing iodixa-
nol fraction was carried out by ultra/diafiltration in a 10-ml stirred cell unit using
a YM 100-kDa membrane (Millipore, Etobicoke, ON, Canada). Retentates were
diafiltered against 10 ml of cold phosphate-buffered saline (PBS), and the final
retentate volume was adjusted to achieve a 10-fold concentration. Virions were
further purified by size exclusion chromatography using an XK 16/40 glass col-
umn packed with Sepharose CL-4B (Amersham Biosciences, Piscataway, NJ) as
described previously (58). The virus eluted in the column voided volume (voided
volume � 23 ml). Virus-containing fractions were pooled and concentrated
10-fold using a 10-ml stirred cell unit as described above.

Subtilisin treatment. Subtilisin treatment of a 10-fold concentrated iodixanol
gradient virus fraction was carried out as previously described (45) using a 5�
stock solution containing 25 mg/ml of subtilisin (Fluka Biochemika, Buchs,
Switzerland) in 100 mM Tris-HCl, 5 mM CaCl2 (pH 8) for a final concentration
of 5 mg of protease/ml. The reaction was stopped by the addition of 5 �g/ml
phenylmethylsulfonyl fluoride (Fluka BioChemika). Digested retrovirus prepa-
rations were then subjected to size exclusion chromatography as described in
“Retrovirus vector purification” above.

Fractionation of purified virus preparations by 1D gel electrophoresis. Puri-
fied virus samples were mixed 3:1 with 4� NuPage sample buffer (Invitrogen Life
Technologies, Burlington, ON, Canada) containing 50 mM dithiothreitol and
heated at 70°C for 10 min. Proteins were fractionated by electrophoresis on
Novex 4 to 12% Tris-glycine precast minigels (Invitrogen) run under reducing
conditions using NuPage Tris-glycine running buffer (Invitrogen) for 90 min at
125 V. Protein bands were visualized by silver staining (61). Band intensity
images were obtained using a Kodak digital science image station 440cf equipped
with the Kodak digital science one-dimensional (1D) image analysis software
(Eastman Kodak, Rochester, NY).

In-gel digestion and LC-MS/MS. Protein bands were excised from the gel and
subjected to in-gel tryptic digestion on a robotic MassPrep Workstation (Micro-
mass; Waters Corp., Milford, MA). Analysis of tryptic digests was performed by
LC-MS/MS. Peptide separation was achieved by loading the samples onto a
Zorbax 300SB-C18 trapping column (Agilent Technologies, Mississauga, ON,
Canada) followed by a Biobasic C18 analytical column (New Objective, Woburn,
MA) using an Agilent 1100 series nano-high-performance liquid chromatogra-
phy system (Agilent Technologies). The eluted peptides were electrosprayed into
a QTRAP 4000 hybrid triple quadrupole linear ion trap mass spectrometer
(ABI-Sciex, Concord, ON), and the three most intense precursor ions from each
survey scan (MS scan) were selected and subjected to fragmentation by collision-
induced dissociation and detection (MS/MS scan). Peak lists of the MS/MS data
were generated with a Mascot v16b11 script from ABI-Sciex and submitted to
Mascot v1.9 (Matrix Science, London, United Kingdom) for protein identifica-
tion by searching against NCBI nonredundant databases of human or virus
protein sequences. Mascot searches were performed using carbamidomethyl-
cysteine as a fixed modification and oxidation of methionines as a variable
modification with a single trypsin miscleavage allowed. The allowed mass search
tolerances were 1.5 Da for precursor m/z and 0.8 Da for MS/MS fragment m/z.
An in-house-developed program (CellMapBase) was used to cluster and group
peptides and proteins based on peptides identified at the 95% confidence level
by Mascot so as to generate a nonredundant minimal list of identified proteins
(30).

Negative and immunogold staining of MMLV vectors. For negative-stain elec-
tron microscopy, retroviral particles were mounted onto electron microscope
grids by direct sedimentation of purified iodixanol gradient samples by use of a
Beckman Airfuge ultracentrifuge and the A-100 fixed angle microrotor as pre-
viously described (2). The grids were negatively stained with uranyl acetate and
examined in a transmission electron microscope at the Armand-Frappier Insti-
tute (Laval, QC, Canada) (1). The presence of various host surface antigens on
the retroviral vector membrane was investigated by indirect immunogold labeling
using the following primary antibodies: mouse anti-HMFG1 monoclonal anti-
body (MAb) (EDM45) from NeoMarkers, mouse anti-CD9 MAb (TS9) and
mouse anti-CD29 MAb (BD15) from Diaclone, rabbit polyclonal anti-CD63
(H193), mouse anti-LAMP-2 MAb (H4B4) and mouse anti-CD81 MAb
(1.3.3.22) from Santa Cruz Biotechnology Inc. (Santa Cruz, CA), and mouse
anti-CD9P-1 MAb, which was a generous gift from Eric Rubinstein (Hôpital
Paul Brousse, Villejuif, France). For immunogold electron microscopy studies,
retroviral particles mounted onto electron microscope grids as described previ-
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ously, dried, and rinsed with PBS. Nonspecific reactive sites on the grids were
blocked with 1% ovalbumin (5 min, room temperature [RT]). The grids were
incubated with a primary antibody for 1 h at RT and washed three times with
PBS (5 to 10 min). Subsequently, the grids were exposed to 1% ovalbumin (5
min, RT) and incubated with appropriate secondary antibodies for 1 h at RT.
Secondary antibodies used were 10-nm gold-conjugated goat anti-mouse or goat
anti-rabbit from BB International (Cardiff, United Kingdom). Following incu-
bation with a secondary antibody, the grids were rinsed with PBS and water and
dried at RT. Finally, the grids were negatively stained with uranyl acetate and
examined in a transmission electron microscope.

RESULTS

The retrovirus used in this study is a VSV-G-pseudotyped
MMLV-derived retrovirus vector encoding a fusion protein
between the herpes simplex virus TK protein and the green
fluorescent protein as the vector transgene. This vector was
produced using the 293-GPG packaging cell line. To explore
the composition of the retroviral vector particles, harvested
supernatants containing active vector particles were subjected
to a series of purification steps. A complete description of this
method and a thorough characterization of the purified sam-
ples obtained using this method were previously reported (58).
Electron microscopy analysis of the purified virus preparation
used in the present study showed numerous roughly spherical
mature type C retrovirus particles in a size range of 80 to 120
nm in diameter, free of protein aggregates (Fig. 1a). The par-
ticles appeared uniform in shape, except for the presence of
some broken particles. Interestingly, the round condensed viral
core inside the virions is clearly visualized in the transmission
electron photograph, providing further evidence of the lack of
contamination with “empty” membrane vesicles. Therefore,
these purified preparations were found to be suitable for the
study of the whole MMLV vector proteome by LC-MS/MS.

Fractionation of purified retrovirus preparations by 1D gel
electrophoresis and subtilisin digestion analysis. Subtilisin is a
serine protease commonly used by HIV-1 researchers to study
the location of cellular proteins in retrovirus particles (40, 45,
46). This nonspecific protease is able to digest all proteins
located on the surface of the virions as well as proteins found
in contaminating cell membrane vesicles, whereas proteins lo-
cated inside the virions are protected from digestion by the
viral lipid envelope. In addition, the loss in protein content
after subtilisin treatment is considered a good indication of the
amount of cell membrane vesicle contaminating a virus prep-
aration.

Consistent with previous observations, the 1D-SDS-PAGE
silver-stained profile of retrovirus vector particles showed mul-
tiple bands with a wide range of molecular masses (Fig. 1).
Examination of complete (Fig. 1c) versus subtilisin-digested
(Fig. 1b) viral particles was performed. Very little protein
content was removed from the virions by subtilisin proteolytic
digestion, further substantiating the lack of contamination with
membrane vesicles. Importantly, the complete removal of
VSV-G surface protein (band G) indicates that the enzymatic
treatment was efficient. Figure 1d shows the intensity profile of
the protein bands resolved on the SDS-PAGE gel lanes shown
in Fig. 1b (green) and 1c (blue). In addition to the virus-
encoded protein bands, which alone account for over 90% of
the viral protein content as determined by Coomassie blue
staining in a previously reported study (58), several additional
nonidentified protein bands were visualized by silver staining

in the purified virus preparations. SDS-PAGE analysis of sub-
tilisin-treated and untreated virus preparations indicated that
most of these bands were resistant to enzymatic digestion.
Therefore, most nonviral bands observed corresponded to pro-
teins located inside the virions. On the other hand, aside from
the VSV-G protein band (band G), at least two other bands
were clearly susceptible to proteolytic digestion by subtilisin.
The bands migrating at �23 kDa (band L) and 130 kDa
(band B) would represent membrane cellular proteins in-
corporated into the virions. Other protein bands show some
degree of susceptibility to subtilisin treatment, particularly
those in the high-molecular-mass range (Fig. 1d). Protein
bands from Fig. 1c were excised and subjected to in-gel
tryptic digestion prior to MS/MS analysis. Bands containing
statistically significant peptide identifications are indicated
in Fig. 1c with letters A to L.

Proteomic analyses of highly purified MMLV vector parti-
cles. Protein bands from non-subtilisin-treated purified sam-
ples (Fig. 1c) were excised from the gel and subjected to in-gel
tryptic digestion followed by LC-MS/MS analysis in order to
identify both interior and exterior host proteins incorporated
into MMLV particles. All clearly visible bands were cut out of
the gel, with the exception of the nonresolved band migrating
at the dye front. The tandem MS data were submitted to the
Mascot search engine for protein identification by comparison
against NCBI nonredundant databases of 3,466,531 human
protein sequences or 238,744 virus protein sequences. A total
of 12 of the 17 bands analyzed by MS showed statistically
significant peptide identifications (those peptides identified at
a confidence level of greater than 95%). Multiple identifica-
tions per band were achieved, resulting in a total of 6 viral
proteins and 25 host proteins identified. Protein identifications
were considered only for peptides exhibiting appropriate sta-
tistics and tryptic sequences, with a single trypsin miscleavage
allowed. The majority of the proteins were identified with
more than one statistically significant peptide. However, 10
host proteins were identified with single statistically significant
peptides. These peptide sequences were validated by rigorous
visual inspection of their MS/MS fragmentation spectra. All
showed good correlation between expected y or b fragment
ions and spectrum peaks of greatest intensity and signal-to-
noise ratio. In addition, these 10 host proteins were previously
identified for different retroviral and/or exosome particles.

Virus-encoded proteins in retroviral vector particles. Virus-
encoded proteins found by tandem MS are shown in Table 1.
The presence of p30CA in band J, VSV-G in band G, and RT
in band D at their expected molecular masses was established.
Peptides of these proteins were also found in other bands at
slightly higher or lower molecular mass (Table 1). The band
migrating at 64 kDa (band G) also contained uncleaved Gag
polyprotein precursor (Pr65Gag) at the expected molecular
mass as determined by the identification of two peptides, one
corresponding to the p30CA domain and the other one sharing
p30CA and p10NC sequences. Only a fragment of the viral IN
(�46 kDa) was detected at �38 kDa (band I). The remaining
MMLV structural proteins (p15MA, p10NC, and p12) and the
viral PR were not detected by MS. This result was expected
since, according to their molecular masses, reactivity to anti-
MMLV (58), and resistance to subtilisin digestion (Fig. 1), they
are present in the nonresolved band comigrating with the dye
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FIG. 1. Fractionation of purified retroviral vector preparations by 1D gel electrophoresis. (a) Negative-stain electron microscopy photograph
of retrovirus particles purified by rate-zonal ultracentrifugation at a magnification of �127,500. Virions were negatively stained using uranyl acetate
staining. Bar, 100 nm. (b and c) Purified virus preparations with (b) and without (c) subtilisin treatment were fractionated on a 4 to 12%
Tris-glycine polyacrylamide gel (Invitrogen) run under reducing conditions and visualized by silver staining. Protein bands from the gel shown in
panel c were excised and subjected to in-gel tryptic digestion prior to MS/MS analysis. Bands containing statistically significant peptide identifi-
cations (bands A to L) are indicated for gel c. (d) Band intensity profiles of gel lanes b (green) and c (blue) superimposed. Arrows indicate
migration positions of MMLV virus-encoded proteins. This image was obtained using Kodak digital science 1D image analysis software. Band
intensity is plotted as arbitrary units.
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front that was excluded from this study. Curiously, a band
migrating at �43 kDa (band H) was found to contain TK
protein (corresponding to the vector transgene), suggesting
that this protein may also be encapsulated into virions.

Host-associated proteins in retroviral vector particles. A
total of 25 cellular proteins were identified in MMLV vector
particles by LC-MS/MS analyses (Table 2), including clathrin,
moesin, actin, endophilin-2, and ubiquitin, which have been
described previously as parts of MMLV virions (35, 42–44, 46,
70). It is noteworthy that twenty host proteins identified in this
work had not yet been described as MMLV constituents, 16 of
the 25 cellular proteins identified were previously found in
proteomic analysis of HIV-1 macrophage-derived virions, and
16 of the 25 proteins identified were previously described to be
associated with exosome particles (Table 2). Importantly, all
host proteins were found at their expected molecular masses,
with the exception of beta-tubulin, for which only a fragment of
the full-length protein (�48 kDa) was detected at �24 kDa
(band K). The presence of ubiquitin in different bands is con-
sistent with the potential presence of ubiquitylated Gag prod-
ucts, as previously reported (42, 43). In addition to their full-
length form, fragments of heat shock protein 70 (Hsc70),
polyadenylate-binding protein (PABP), and HIC2 protein
were detected in faster-migrating bands, probably as a result of
proteolytic degradation.

Consistent with the subtilisin digestion analysis described
earlier, most of the host proteins identified by LC-MS/MS (19
out of 25) corresponded to intracellular proteins presumably
located inside the virions (Table 2). These include proteins
involved in various cytoplasmic systems such as cytoskeleton
(actin, moesin), microtubules (beta-tubulin), signaling (Rac3),
metabolism (peroxiredoxin-1, GAPDH [glyceraldehyde-3-
phosphate dehydrogenase], glycogen phosphorylase), chaper-
ones (HSc70), ubiquitin-proteosome system/protein trafficking
(ubiquitin), and vesicle trafficking system-related proteins
(Rab 7, vacuolar ATP synthase, endophilin-2, clathrin, AIP-1/
Alix). Additionally, the purified virion preparations contained

several nuclear proteins including histone 4, poly(rC)-binding
protein, ILF2, HIC-2, and PABP. Six out of 25 proteins iden-
tified in MMLV preparations were host membrane proteins.
Their corresponding bands were visualized mainly in the high-
molecular-mass range of the SDS-PAGE gel. These bands
show some degree of susceptibility to subtilisin treatment (Fig.
1d). The most clearly subtilisin-digested band (band B) con-
tained two host membrane proteins: integrin �1 (CD29) and
CD9-partner 1 (CD9P-1). Additionally, LC-MS/MS analysis
revealed the presence of membrane proteins in bands C
(LAMP-2), D (CD81-partner 3), and H (CD63 and HMFG-
E8).

Confirmation of host proteins on retroviral vectors’ surfaces
by immunogold labeling. Due to potential contamination with
cell membrane, host proteins on the virus surface have been
the most challenging to conclusively identify (40, 41). In con-
trast, the identification of host proteins that reside inside the
virions has been straightforward following subtilisin treatment
of purified retroviral preparations. Immunogold labeling ex-
periments were carried out to confirm the presence of the host
surface proteins found by MS on the MMLV vector surface.
Specific antibodies against human CD29 (integrin �1),
CD9P-1, LAMP-2, CD63, and HMFG-E8 were employed. In
all five immunogold labeling experiments, gold particles at the
membrane of typical dense viral particle structures were ob-
served (Fig. 2). In most cases, a dense retroviral core with an
irregular boundary was readily distinguishable. For most anti-
bodies tested, the immunogold reaction was strong and local-
ized at the viral surface. The average number of gold particles
observed per virion was 13 for CD29 (integrin �1) (n � 5), 20
for LAMP-2 (n � 4), 8 for CD63 (n � 3), and 13 for
HMFG-E8 (n � 11) experiments. Immunogold labeling using
anti-CD9P-1 MAb showed a weaker reaction with only three
gold particles per virion (n � 4) but well-localized labeling at
the viral surface. Omitting the use of a primary antibody com-
pletely abolished the detection of colloidal gold on the virus
surface, indicating that no unspecific binding of secondary

TABLE 1. Virus-encoded proteinsa

Band (mol.
mass [kDa]) Protein name Mol. mass (kDa)b Accession no.c Virus origin No. of peptidesd Peptide sequence(s)

D (72) RT 74,655 NP-955591 MMLV 9 (K, 2) AELIALTQALK, ALLQTLGNLGYR,
ATSTPVSIK, EFLGTAGFCR, ETV
MGQPTPK, LDPVAAGWPPCLR,
LNVYTDSR, MVAAIAVLTK,
QAPLIIPLK

G (64) Pr65Gag (p30) 60,727 NP-057934 MMLV 1 QLLLAGLQNAGR
Pr65Gag (p30-p10) 60,727 NP-057934 MMLV 1 LLATVVSGQK
VSV-G 55,655 (G, 67) NP-955548 VSV 8 (F, 1; I, 1) AIQADGWMCHASK, ILDYSLCQ

ETWSK, MVGMISGTTTER, QIY
TDIEMNR, SFTPSVEQCK, SNYF
AYETGGK, VDIAAPILSR,
KIYTDIEMNR

H (43) TK 40,790 NP-044624 HSV-1e 1 TTTTQLLVALGSR
I (38) IN 46,338 NP-955592 MMLV 1 LLEEIFPR
J (32) p30CA 30,609 NP-955585 MMLV 2 (H, 1; I, 2;

K, 2)
GITQGPNESPSAFLER, QLLLAGLQ

NAGR

a Peptide mass lists were submitted for search against the NCBI nr database (virus taxonomy) using the Mascot search engine (v1.9).
b Calculated molecular mass based on the amino acid sequence. The mass of the posttranslationally modified form is given in parentheses (G, glycosylated).
c NCBI reference sequence accession number.
d The number of peptides identified for the same protein in other bands is indicated in parentheses.
e HSV-1, herpes simplex virus type 1.
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gold-labeled antibody occurred (data not shown). Gold parti-
cles were remarkably radially distributed on the outside sur-
face of the virions. Staining was evenly distributed in well-
dispersed particles but weaker or nonexistent in between viral
particles, forming aggregates most probably due to antibody
inaccessibility to these areas.

Identification of tetraspanins CD9 and CD81 in retroviral
vectors by immunogold labeling. SDS-PAGE analysis of sub-
tilisin-treated and nontreated virions (Fig. 1) showed clear
digestion of two non-virally encoded bands, one at �130 kDa
(band B) and a second one at �23 kDa (band L), suggesting
the presence of membrane proteins in these two bands at least.
As expected from subtilisin analysis, host membrane proteins
(integrin �1, CD9P-1) were identified by MS in band B, and
the presence of these proteins on the virus surface was con-
firmed by immunogold labeling (Fig. 2). However, there was
no identification of membrane proteins by MS in the �23-kDa
band (band L). This intriguing result encouraged additional
studies to assess the presence of membrane proteins in this
band.

Among the proteins identified by MS, CD9P-1 (EWI-F) and
CD81P-3 (EWI-2) are known molecular partners of the tet-
raspanins CD9 and CD81 (10, 12, 13, 62). Interestingly, both
tetraspanins have a molecular mass of �26 kDa, consistent
with the approximate molecular mass of band L. Based on this
evidence, we hypothesized that these two proteins were
present on MMLV particles. Preliminary Western blot studies
using anti-CD81 and anti-CD9 MAbs showed the presence of
faint �24-kDa bands in the purified vector preparations (data
not shown). The presence of tetraspanins CD9 and CD81 on
the virus surface was confirmed by immunogold labeling elec-
tron microscopy studies. In all cases, an irregular viral core
structure, typical of MMLV, was clearly visible inside the viri-
ons. Studies with the anti-CD81 MAb showed a strong specific
labeling reaction at the surface of electron-dense MMLV
structures (Fig. 3a, b, and c). On average, 16 gold particles
were visualized at the surface of each virion (n � 15). The
labeling was evenly distributed all around the virions. The reac-
tion with anti-CD9 was less profuse but specific to the membrane
of MMLV particles (Fig. 3d, e, and f). Each virion had on
average four gold particles on the surface (n � 19). In this
particular experiment, most particles observed were part of
large viral aggregates.

DISCUSSION

As gene therapy progresses into clinical trials, full charac-
terization of the viral vectors becomes an important issue.
Even though host proteins are incorporated in low quantities
into the viral particles, they can be biologically active (41).
Therefore, their presence in the vector particle may be relevant
to fully understand the retroviral vector’s biology. This area of
research has received significant attention among HIV re-
searchers. In the case of viral vectors for gene therapy, the
identification of host proteins incorporated into the vector
particles may be particularly attractive, since in addition to
fostering a better understanding of the vector biology, this
knowledge may allow the alteration of specific vector proper-
ties at our convenience. In this work, we have shown the
capabilities of LC-MS/MS in combination with immunogold

electron microscopy to characterize the proteomes of retrovi-
ral vector particles. Using this approach, we have identified a
total 22 new host proteins not previously described in MMLV
virions in addition to 5 host proteins already known to be
incorporated into wild-type MMLV particles (Table 2). This
represents an important step forward in the elucidation of
retroviral vector composition.

Many of the proteins identified in this work were previously
found, not only in proteomic analysis of family-related viruses
such as HIV-1, but also in exosome particles. These findings
provide further support to a growing body of evidence suggest-
ing that MMLV is able to hijack the endocytic pathway to
escape from multiple cell types (8, 50, 60). Since both virions
and exosomes would be generated in the endosomal compart-
ment and exit the cell by budding into endosome-derived mem-
branes, it is not surprising that they would share part of their
composition. We have found that 293-derived MMLV particles
incorporate at least 18 proteins that were also found in exo-
somes of various origins (Table 2).

In addition to the numerous cytoplasmic proteins found in
the virions (70%), we have successfully identified eight host
proteins exposed on the viral vector surface as confirmed by
electron microscopy studies. Identification of these membrane
proteins is particularly attractive, since they could serve as
interesting anchoring sites for the insertion of tags for purifi-
cation, labeling, or targeting purposes. Engineering vectors by
inserting tags or chemically modifying the virus-encoded
Env protein structure frequently affects the viruses’ ability
to transduce cells (29, 53, 64). This has been attributed
partly to the inability of the Env protein to provide fuso-
genic functions for viral entry once its structure has been
modified. To circumvent this problem, host surface proteins
rather than the viral Env protein could be tagged. To date,
this approach has not been tested, likely due to our poor
understanding of the MMLV membrane composition. It
might be feasible to genetically modify one of the host
membrane proteins found in this work to contain such tags
without compromising virus infectivity.

We have identified three cellular adhesion proteins on
MMLV vectors surface, namely, integrin �1 (CD29), CD9, and
HMFG-E8. It is interesting that the same three adhesion pro-
teins have previously been implicated as potential candidates
for exosome targeting to cells (67, 68). Our findings may have
important implications in the mechanism of vector attachment
to target cells. For retroviruses, this initial step in the virus life
cycle was for a long time believed to be mediated solely by the
viral Env protein. However, the presence of cellular compo-
nents on the MMLV surface responsible for promoting virus-
cell attachment has been proposed (17, 53, 69). To date, these
components remain unidentified. In contrast, several host-de-
rived cell adhesion proteins have been identified on the well-
characterized HIV-1 surface (CD44, LFA-1, -2, and -3, and
ICAM-1 and -3) (3, 7, 38), and some of these proteins were
shown to enhance virus attachment and infectivity (19, 20, 31,
47). As in the case of HIV-1, it seems possible that host-
derived cell adhesion proteins on the MMLV lipid membrane
play a role in virus attachment and/or transducibility to target
cells. Overexpression of these cell adhesion proteins on the
virus surface may result in an enhanced avidity of attachment
and transduction efficiency of retroviral vectors. On the other
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FIG. 2. Confirmation of host surface proteins on retroviral vectors’ surfaces by immunogold labeling. Purified retrovirus vector preparations
were subjected to immunogold labeling studies to confirm the presence of several host membrane proteins identified by MS on the virus surface.
Primary antibodies employed were mouse anti-CD29 (integrin �1) MAb (a and b), mouse anti-CD9P-1 MAb (c and d), mouse anti-LAMP-2 MAb
(e and f), rabbit polyclonal anti-CD63 (g and h), and mouse anti-HMFG-E8 MAb (i and j). Goat anti-mouse or goat anti-rabbit secondary
antibodies conjugated with 10-nm colloidal gold were used for the detection. Virions were negatively stained using uranyl acetate. Bar, 100 nm.
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hand, researchers attempting the production of tissue-specific
retroviral vectors for in vivo applications may find it convenient
to prevent the incorporation of these proteins into the virions.
Vector particles with such broad adhesion properties may bind
to the first population of cells encountered, being wasted in
nonrelevant compartments of the body, which would render
vector targeting strategies unsuccessful (53, 54). Additionally,
it is worth mentioning that both fibronectin receptor subunit
beta (integrin �1) and CD9 have a known affinity for fibronec-
tin (11, 16, 32, 51). Fibronectin fragments have been shown to
improve retrovirus gene transfer efficiency and thus fibronec-
tin-coated plates are usually used in ex vivo human gene ther-
apy protocols (25, 26, 34). Nevertheless, the exact molecular
mechanism by which fibronectin enhances retrovirus-mediated
gene transfer has not been elucidated. It is believed that fi-
bronectin enhances retroviral transduction by acting as a mo-
lecular bridge between the virus and the cells (5, 26). Bajaj and
collaborators have shown that retroviral vector transduction
efficiency in the presence of fibronectin fragments correlates
with the levels of integrin �1 expression on the target cells (6).
However, the identity of the molecules responsible for fi-
bronectin binding on the retroviral lipid membrane remains
unclear. Based on our findings, we hypothesize that integrin �1
and CD9 cell adhesion molecules present on the virions con-
tribute to fibronectin binding.

The retroviral vector lipid membrane was also found to be
enriched in tetraspanin proteins CD9, CD81, and CD63. While
the molecular functions of most tetraspanins remain unclear,
members such as CD9 and CD81 have been implicated in a
variety of cellular functions such as cell adhesion, cell fusion,
and cell motility. It has been recently shown that HIV-1 as-
sembles and buds at membrane regions that contain tetraspan-
ins such as CD9, CD63 and CD81 (37). In addition, two reports
suggested that CD9 and CD81 may be involved in the modu-
lation of HIV-1-induced membrane fusion (23, 28).

Another important point to consider is the immunogenic
potential of the host proteins exposed at the vector surface,
since they could be responsible for viral vector inactivation
in vivo. It has been demonstrated that host proteins on the
retroviral surface can elicit an immune response by the
observation that immunization with human major histocom-
patibility complex class I protein (a membrane protein ac-
quired by HIV-1) can protect monkeys from infection by
simian immunodeficiency virus produced by human cells
much more efficiently than immunization with simian immu-
nodeficiency virus virions produced by monkey cells (4). For
in vivo gene therapy applications, it may be interesting to
silence any gene that codes for immunogenic proteins in the
producer cell line in an attempt to produce retroviral vec-
tors that lack these antigens and thus have a lower immu-
nogenic potential.

Efforts toward the production of improved retroviral vectors
for gene therapy have been focused almost exclusively on the
manipulation of virus-encoded genes. Little attention has been
paid to the acquisition of cellular components by the retroviral
particle, which is mainly determined by the producer cell line.
A good example would be the adoption of human packaging
cell lines in place of murine packaging cells expressing Gal
(�1-3) terminal carbohydrates to avoid vector inactivation by
the human complement (65, 66). The authors suggest that host
cellular proteins incorporated into the retroviral vector parti-
cles may be interesting points of manipulation to improve
vector properties. The strategies proposed in this work for
retroviral vectors could be easily extended to the manipulation
of lentiviral vectors/ which are likely to incorporate a subset of
host membrane proteins similar to the ones described in this
work when produced by 293 HEK cells. It is our hope that the
work presented here opens new avenues to improve retroviral
and lentiviral gene therapy vectors.

a cb

fed

FIG. 3. Identification of tetraspanins CD9 and CD81 on MMLV particles by immunogold labeling. Purified retrovirus vector preparations were
subjected to immunogold labeling studies to assess the presence of tetraspanins CD9 and CD81 on the virus membrane. Primary antibodies
employed were mouse anti-CD81 MAb (a, b, and c) and mouse anti-CD9 MAb (d, e, and f). A goat anti-mouse antibody conjugated with 10-nm
colloidal gold was used for the detection. Virions were negatively stained using uranyl acetate. Bar, 100 nm.
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