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HIV-1 Gag can assemble and generate virions at the plasma
membrane, but it is also present in endosomes where its role
remains incompletely characterized. Here, we show that HIV-1
RNAs and Gag are transported on endosomal vesicles positive
for TiVamp, a v-SNARE involved in fusion events with the
plasma membrane. Inhibition of endosomal traffic did not pre-
vent viral release. However, inhibiting lysosomal degradation
induced an accumulation of Gag in endosomes and increased
viral production 7-fold, indicating that transport of Gag to lyso-
somes negatively regulates budding. This also suggested that
endosomal Gag-RNA complexes could access retrograde path-
ways to the cell surface and indeed, depleting cells of TiVamp-
reduced viral production. Moreover, inhibition of endosomal
transport prevented the accumulation of Gag at sites of cellular
contact. HIV-1 Gag could thus generate virions using two path-
ways, either directly from the plasma membrane or through an
endosome-dependent route. Endosomal Gag-RNA complexes
may be delivered at specific sites to facilitate cell-to-cell viral
transmission.

The production of infectious retroviral particles is an
ordered process that includes many steps (for review see Refs.
1-3). In particular, three major viral components, Gag, the
envelope, and genomic RNAs have to traffic inside the cell to
reach their assembly site. Viral biogenesis is driven by the
polyprotein Gag, which is able to make viral-like particles when
expressed alone (4). Upon release, HIV-1* Gag is processed by
the viral protease into matrix (MA(p17)), capsid (CA(p24)),
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nucleocapsid (NC(p7)), p6, and smaller peptides SP1 and SP2.
Gag contains several domains that are essential for viral assem-
bly: a membrane binding domain (M) in MA; a Gag-Gag inter-
action domain in CA; an assembly domain (I) in NC; and a late
domain (L) in p6, which recruits the cellular budding machin-
ery. Genomic RNAs are specifically recognized by NC, and they
play fundamental roles in viral biogenesis by acting as a scaffold
for Gag multimerization (5).

It has been demonstrated that retroviruses bud by hijacking
the endosomal machinery that sorts proteins into internal ves-
icles of multivesicular bodies (for review, see Refs. 6, 7). Indeed,
these vesicles bud with the same topology as viral particles.
Proteins sorted into this pathway are usually destined for deg-
radation in lysosomes, but some can also recycle to the plasma
membrane (for review see Refs. 8, 9). They are also frequently
ubiquitinated on their cytoplasmic domain (10, 11), allowing
their recognition by ESCRT complexes. ESCRT-0 and ESCRT-I
recognize ubiquitinated cargo present at the surface of endo-
somes and recruit other ESCRT complexes (12—14). ESCRT-III
is believed to function directly in the formation of multivesicu-
lar body intralumenal vesicles (12), even though its mechanism
of action is currently not understood. Remarkably, Gag L
domains interact directly with components of the multivesicu-
lar body-sorting machinery (for review see Ref. 15). HIV-1 Gag
uses a PTAP motif to bind Tsgl101, a component of ESCRT-I
(16-19), and a YPLTSL motif to interact with Alix, a protein
linked to ESCRT-I and -III (20-22). Finally, various ubiquitin
ligases are also required directly or indirectly during HIV-1 bio-
genesis (23, 24; for review see Ref. 25).

In many cell lines, Gag is found both at the plasma membrane
and in endosomes. This has led to the hypothesis that there are
several assembly sites for HIV-1 (1, 3). First, Gag can initiate
and complete assembly at the plasma membrane. This is
thought to occur predominantly in T lymphocytes, and this
process is supported by several lines of evidences: (i) disruption
of endosomal trafficking with drugs does not prevent viral pro-
duction (26, 27); (ii) ESCRT complexes can be recruited at the
plasma membrane, at sites where Gag accumulates (28 -30);
(iii) Gag can be seen multimerizing and budding from the
plasma membrane in live cells (31). Second, Gag could initiate
assembly in endosomes, and then traffic to the cell surface to be
released. This is mainly supported by the presence of Gag in
endosomes in several cell lines (32—34), including T cells and
more strikingly macrophages (32, 35, 36 —39). However, we are
currently lacking functional experiments addressing the role of
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FIGURE 1. Single molecules of HIV-1 RNA are transported on endosomes in living cells. A, schematic
representation of pTRIP-MS2X24 is shown. B, HIV-1 RNAs display directed movements. HT* cells were trans-
fected with pTRIP-MS2X24 and pMS2-YFP. Left and middle panels represent maximal image projections of
movie stacks (67 X 65 wum). The right panels are single frame enlargements of the movement of RNA molecules
(7 X 7 um). Arrows point the initial and final location of the moving RNAs. Time (t) is in seconds. C, HIV-1 RNAs
are transported on endosomal vesicles. HT* cells were transfected with pTRIP-MS2X24, pMS2-YFP, and
TiVamp-CFP and imaged live in two wavelengths. Green, HIV-1 RNA (MS2-YFP); red, TiVamp (TiVamp-CFP).
D, enlargement of movie frames displaying movements of RNAs on TiVamp-positive endosomes (11 X 11 wm)
is shown. Green, HIV-1 RNA; red, TiVamp. The RNAs displayed are indicated by an arrow in C. Time (t) is in
seconds.

ing of HIV-1 RNAs in fixed and
live cells, and we show that they
are transported on endosomal ves-
icles. We also obtained functional
evidence that Gag and viral RNAs
can use at least two trafficking
pathways to produce virions, one
going directly from the plasma
membrane and another one pass-
ing through endosomes.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—The
pTRIP-MS2x24 and pMS2-YFP
plasmids were described previously
(47, 48). TiVamp-CEP, Rab7-YFP,
Gag-CFP, and Gag-TC were gifts of
T. Galli (52), M. Zerial (49), H. G.
Krausslich (50), and D. E. Ott (51).
Antibodies used in this study were
monoclonals anti-CA(p24) (183-
H12-5C, National Institutes of
Health AIDS Research & Reference
Reagent Program), anti-CD44
(Abcam), anti-Rab9 (Abcam), anti-
Alix (Santa Cruz Biotechnology),
anti-Tsgl101 (Abcam), anti-Tivamp
(Gift from T. Galli (52)), and poly-
clonals anti-Rab7 (Sigma), anti-ul
(a gift from L. M. Traub), and anti-
Env gp70 (805-24, kind gift of B.
Chesebro).

Cell Culture, Labeling, and Drug
Treatments—Human HT1080 cells
and their HT*, HT*A, and HT*A-
GEP derivatives were a gift of M. K.
Collins (53). Cells were grown in
DMEM with antibiotics and 10%
fetal bovine serum (FBS). Cells
were transfected with either Lipo-
fectamine and plus reagent
(Invitrogen) or Effectene (Qia-
gen), according to the manufac-
turer’s instructions.

To disrupt endosomal pathways,
cells were incubated for 6 h with
monensin (5 uM), nocodazole (5

this endosomal pool of Gag, and it is still not clear to what
extent it contributes to the production of viral particles. Never-
theless, the presence of Gag in endosomes might facilitate
recruitment of ESCRT complexes (34, 40), packaging of viral
genomic RNAs (32, 41), and incorporation of the envelope (42).
It may also be important for polarized budding (43, 44) and to
create a viral reservoir in infected cells (45, 46).

Despite great progress, the traffic of HIV-1 components is
still not fully elucidated. In particular, the transport of the
genomic RNAs is poorly understood. In this study, we have
used single molecule techniques to investigate the traffick-
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uMm), or chloroquine (20 uMm), with 30 min of pretreatment.
Kinetic analyses revealed that similar results were obtained
after 2, 4, or 6 h of treatment, and no cellular toxicity was
observed (data not shown). To inhibit translation, cells were
incubated with 200 ug/ml cycloheximide. To stimulate endo-
somal exocytosis, cells were treated with 10 um ionomycin and
3 mm CaCl,. For TiVamp depletion, cells were transfected with
siRNAs against TiVamp for 72 h.°

® L. Danglot and T. Galli, personal communication.
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FIGURE 2. HIV-1 RNA and Gag are transported to late endosomes. A, two patterns of HIV-1 RNAs localization
occur in HT*A cells. pTRIP-MS2X24 and TiVamp-CFP were co-transfected and HIV-1 RNAs were detected by
FISH. Red, HIV-1 RNA (RNA-Cy3); green, TiVamp (TiVamp-CFP). Images correspond to a projection of three-
dimensional stacks (60 X 60 um). Insets show magnification of the boxed areas (7 X 7 um). Top, HIV-1 RNAs
accumulate in late endosomes; bottom, HIV-1 RNAs are diffusely distributed in the cytoplasm. B, two patterns
of HIV-1 Gag localization occur in HT*A cells. HIV-1 Gag was detected by immunofluorescence with an antibody
against CA(p24). Late endosomes were revealed with transiently expressed TiVamp-CFP. Red, HIV-1 Gag (Gag-
Cy3); green, TiVamp (TiVamp-CFP).Images correspond to a projection of three-dimensional stacks (47 X 45 um).
Insets show the magnification of the boxed areas (5 X 5 um). Top, HIV-1 Gag accumulates in late endosomes;
bottom, HIV-1 Gag is diffusely distributed in the cytoplasm. The arrow points to a site of cellular contact.

To label early and recycling endosomes, cells were incubated
in DMEM containing 1% FBS for 3 h at 37 °C, and then in the
same media containing 20 ug/ml Cy3- or Cy5-labeled trans-
ferrin (Molecular Probes) for 45 min at 37 °C. To label Gag-TC,
live cells were labeled with ReAsH-EDT,, according to the
manufacturer (Invitrogen).

Live Cell Imaging—Cells were grown in a non-fluorescent
medium (48) and plated on a gelatin-coated glass coverslip
mounted in an FCS2 chamber kept at 37 °C (Bioptechs, But-
ler, PA). Observations were performed with a wide-field
Leica DMRA upright microscope, and images were captured
with a Cool-snap HQ charge-coupled device camera (Roper
Scientific). Two-dimensional time series were deconvolved
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using Huygens (Bitplane) and ana-
lyzed with Metamorph (Universal
Imaging).

FISH—RNAs were detected as
described previously (48), with oli-
gonucleotide-Cy3 probes specific
for the MS2 sequence. Coverslips
were mounted in Vectashield (Vec-
tor Laboratories).

Immunofluorescence—Cells were
grown on glass coverslips, washed
with 1X PBS, and fixed in 4%
paraformaldehyde/1X PBS for 20
min at room temperature. After
three washes in PBS, cells were
permeabilized in 0.1% Triton
X-100 for 10 min. Cells were satu-
rated for 30 min with 0.2% bovine
serum albumin/1X PBS and
immunostained for 1 h at room
temperature with primary anti-
bodies. Cells were washed, stained
with secondary antibodies, and
mounted in Vectashield.

Purification and Analyses of
HIV-1 Viral Particles—Cell culture
supernatants were collected and
filtered on 0.45-um membranes.
Viral-like particles were purified by
centrifugation on 20% sucrose cush-
ion for 2 h at 20,000 X g and ana-
lyzed by Western blotting. Viral-like
particle production was quantified
by direct measurement of light with
a charge-coupled device camera
(GeneGnome, Ozyme). To analyze
RNAs, cellular and viral fractions
were incubated in TRIzol (Invitro-
gen), processed as recommended by
the manufacturer, and analyzed by
slot-blot hybridization.

For infectivity tests, supernatants
of HT*A-GFP cells were harvested,
and serial dilutions were used to
infect indicator HT1080 cells.
Three days later, cells were fixed, and infected cells were
detected by flow cytometry using the GFP label. Titers were
then normalized by measuring the amount of HIV-1 Gag in
the supernatants.

Pulse-Chase Metabolic Labeling—HT* cells were starved
during 30 min in DMEM lacking methionine and cysteine
(Invitrogen) and supplemented with 10% dialyzed FBS. Cells
were then pulse-labeled with 50 wCi/ml Tran®*S-label methio-
nine (Amersham Biosciences), for 10 min at 37 °C, washed
three times, and chased in DMEM containing 10% FBS and an
excess of unlabeled cysteine and methionine. Drugs were added
during the starvation period and maintained throughout the
experiment. Cellular and viral fractions were prepared as above

Overlay

Overlay
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FIGURE 3. Drugs that disrupt endosomal pathways affect the trafficking of HIV-1 RNAs. A, localization of HIV-1 RNAs after drug treatments. HT*A
cells were co-transfected with pTRIP-MS2X24 and TiVamp-CFP and treated with the indicated drugs. HIV-1 RNAs were detected by FISH. Red, HIV-1 RNA
(RNA-Cy3); green, TiVamp (TiVamp-CFP). Images correspond to a projection of three-dimensional stacks (60 X 60 uwm). Insets show magnifications of the

boxed areas (7 X 7 um). The most frequent pattern is shown. B, quantitation of HIV-1 RNA patterns following drug treatment. For each condition,
100-150 cells were counted.
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FIGURE 4. HIV-1 Gag accumulates in late endosomes upon disruption of endosomal pathways. A, analysis of Gag localization by immunofluorescence.
HT*A cells were treated with the indicated drugs, and HIV-1 Gag was detected by immunofluorescence with an antibody against CA(p24). Late endosomes
were revealed with transiently expressed TiVamp-CFP. Red, HIV-1 Gag (Gag-Cy3); green, TiVamp (TiVamp-CFP). Images correspond to a projection of three-
dimensional stacks (47 X 45 um). Insets show magnifications of the boxed areas (5 X 5 um). The most frequent pattern is shown. B, quantitation of Gag patterns
following drug treatment. For each condition, 100 -150 cells were counted. C, analysis of viral assembly by EM. Thin-section electron micrographs of untreated
HT*A cells (left panels). Cells were treated as in A, and virions budding at the plasma membrane or in intracellular compartments were quantitated by counting
50 to 70 nascent particles in each condition (right panel).

and resuspended in radioimmune precipitation assay buffer
(150 mm NaCl, 1 mm EDTA, 0.1% SDS, 0.5% deoxycholate, 1%
Triton X-100, 10 mm Tris, pH 7.4). Fractions were immunopre-
cipitated overnight at 4 °C with anti-CA(p24), and Western
blots were quantified with a PhosphorImager.

JULY 17, 2009-VOLUME 284+NUMBER 29

Subcellular Fractionation Experiments—Cells were har-
vested in homogenization buffer (0.25 M sucrose, 78 mm KCl, 4
mm MgCl,, 8.4 mm CaCl,, 10 mm EGTA, and 50 mm HEPES-
NaOH (pH 7.0)), containing a mixture of protease inhibitors
(Complete EDTA-free, Roche Applied Science). Cells were bro-
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Infection Transfection
AdDynWT or Gag-CFP
AdDynK44A Rab7-YFP

+ tetracycline

Infection with Recombinant
Adenovirus—Three recombinant
adenoviruses were used. The first

| expressed a tetracycline-regu-
=5h latable chimeric transcription

| activator (AdtTA; kindly given by
Y. Altschuler (54)). The two
others expressed WT dynamin
(AdDynWT) or a dominant nega-
tive mutant (AdDynK44A), both
under the control of a tetracy-

cline-regulated promoter (kindly
given by S. L. Schmid (55)). To
enhance infection rates, AdtTA
(5000pp), AdDynWT (2500pp),
and AdDynK44A (2500pp) were
diluted in 320 pl of sterile PBS and
preincubated with 72 ul of 1
pg/ml polylysine for 30 min at

room temperature. HT* cells were
seeded on 60-mm dishes for 3-5 h,
washed, and incubated with
adenoviral mix overnight at 37 °C
in serum-free DMEM containing tet-
racycline. Cells were then washed and
incubated in DMEM supplemented
with 10% FBS and tetracycline.

Expression of dynamin was finally
induced by withdrawing tetracycline

from the media.

Electron Microscopy—Cells were
fixed in 3.5% glutaraldehyde,
phosphate buffer (0.1 M, pH 7.4)
overnight at 4 °C, washed in phos-
phate buffer, and post-fixed in 1%
osmic acid, 0.8% potassium ferro-

cyanide for 1 h at room tempera-

t=0
| O/IN | 2h | |
| | |
Induction of
Dyn expression
(tetracycline washout)
Gag-CFP Rab7-YFP
AdDynWT
t=0
AdDynWT &
t=6h 5
AdDynK44A
t=0
AdDynK44A | g
t=6h ‘-
) e
|
o3|

ture, washed twice in phosphate
buffer, dehydrated in a graded
series of ethanol, and embedded in
Epon resin. 85-nm sections were
cut with a Leica-Reichert Ultracut
E and collected at different levels
in each block. Sections were coun-
terstained with uranyl acetate and

FIGURE 5. Dynamin-dependent endocytosis is not required for targeting Gag to late endosomes. HT1080

lead citrate and observed using a

cells were infected with AdDynWT or AdDynK44A, transfected for 2 h with vectors expressing Gag-CFP and  Hitachi 7100 transmission elec-

Rab7-YFP, and incubated for 6 additional hours. Labeling of cells with Cy5-transferrin (Tfr-Cy5) shows the
inhibition of endocytosis. Red, Rab7 (Rab7-YFP); green, Gag (Gag-CFP). Images correspond to a single plane of a
deconvolved image (54 X 54 um). Insets show magnifications of the boxed areas (7 X 7 um). Arrowheads

indicates Rab7 endosomes containing Gag.

tron microscope (Pleasanton, CA).

RESULTS

HIV-1 RNAs Display Directed
Movements on Endosomal Vesi-

ken with a ball-bearing cell cracker (41). Homogenates were ¢les—To study the trafficking of HIV-1 RNA, we used a
centrifuged at 1000 X g for 5 min to pellet nuclei and cellular reporter that carried all the elements required for RNA pro-
debris. Postnuclear supernatants were loaded onto a 5 to 20%  duction and packaging (pTRIP-MS2X24 (Fig. 14)) (47): the
linear Optiprep gradient and centrifuged at 100,000 X g,andat 5’ long terminal repeat, the major splice donor site (SD1),
4 °C for 3 h. Fractions were collected from the top of the gradi-  the packaging signal, the Rev-responsive element, the splice
ent and analyzed by Western blot. acceptor site (A7), and the 3’ long terminal repeat that drives
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FIGURE 6. Inhibition of endosome and lysosome function increases the production of infectious viral particles. A, disruption of endosomal pathways enhances
the production of viral particles. HT*, HT*A, and HT*A-GFP cells were incubated with the indicated drugs. Cellular and viral fractions were analyzed by Western blots.
Viral release is the ratio between the amount of total Gag (Pr55Gag + Ca(p24)) in viral and in cellular fractions, normalized to the value of non-treated cells. HT* cells
(gray bars): mean of six experiments done in triplicates; HT*A cells (black bars): mean of three experiments done in triplicates; HT*A-GFP cells (white bars): mean of two
experiments donein triplicates (=S.E.). B,incorporation of genomic RNAs and MLV envelope. HT*A and HT*A-GFP cells were incubated with drugs and cellularand viral
fractions were prepared. Gag and Env were analyzed by Western blotting and viral RNA by slot blots. Results were normalized to control cells. HT*A: mean of three
experiments; HT*A-GFP: mean of two experiments (+S.E.). C, viral infectivity. HT*A-GFP cells were incubated with drugs as in A, and viral infectivity was defined as the

titer normalized to the amount of secreted Gag, set to 1 for the control. Results are the mean of two experiments done in triplicate (+S.E.).

3'-end formation. In addition, this reporter was tagged with
24 binding sites for the coat protein of phage MS2, because
the use of MS2-YFP fusions allows its visualization in live
cells with single molecule sensitivity (48). To avoid overex-
pression levels often obtained with transient transfection, we
worked with three stable cell lines: HT*, which expresses
HIV-1 Gag, Gag-Pol, Tat, and Rev proteins; HT*A, which is
derived from HT* and expresses the amphotropic MLV
envelope; and HT*A-GFP, which is similar to HT*A, but in
addition contains a packageable HIV-1 RNA-encoding GFP.
To verify that binding of MS2-YFP molecules to the reporter
RNA did not affect its incorporation into viral particles, we
expressed pTRIP-MS2X24 RNAs and compared their pack-
aging efficiency in the presence and absence of MS2-YFP. As

JULY 17, 2009-VOLUME 284+NUMBER 29

previously observed for MLV, MS2-YFP had no adverse
effect (data not shown (41)).

We next co-transfected pTRIP-MS2X24 with pMS2-YFP in
HT* cells and performed live cell microscopy. In HT* cells, but
not in the parental cell line that expressed no viral components,
rectilinear movements of HIV-1 RNAs were observed (Fig. 1B,
supplemental movies S1-S5, and data not shown). Because we
had previously observed that MLV RNAs are transported on
endosomal vesicles (41), we investigated whether this was also
the case for HIV-1. HT* cells were co-transfected with vectors
expressing MS2-YFP, pTRIP-MS2X24, and TiVamp-CFP, a
v-SNARE specific for late endosomes (also referred as Vamp7
(56)). By two-color imaging, we observed that a fraction of
HIV-1 RNAs co-localized with the endosomal marker in living

JOURNAL OF BIOLOGICAL CHEMISTRY 19733
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FIGURE 8. Inhibition of dynamin-dependent endocytosis does not prevent the enhancement of viral release by chloroquine. HT* cells were infected
with AdDynWT or AdDynK44A and incubated with chloroquine (Ch). Cellular and viral fractions were purified and analyzed by Western blotting using CA(p24)
antibodies (left panels). Viral release represents the ratio between viral and cellular Gag (Pr55Gag plus CA(p24)), and results are normalized to untreated

AdDynWT cells (right panel). Results are the mean of seven experiments (£S.E.).

cells (Fig. 1C). Moreover, we were able to visualize simultane-
ous movements of TiVamp vesicles and HIV-1 RNAs (Fig. 1D
and supplemental movies S1-S5). To ensure that these obser-
vations were not an artifact induced by MS2-YFP binding, we
examined the localization of HIV-1 RNAs by FISH. HT*A cells
were co-transfected with pTRIP-MS2X24 and TiVamp-CFP,
fixed, and processed such that single molecules of the viral RNA
were efficiently detected (48). Two distinct patterns were
observed (Fig. 2A). Consistent with the results obtained in live
cells, HIV-1 RNAs were first found throughout the cytoplasm
and in late endosomes, in 57% of the cells. In the remaining
cells, a second pattern was observed in which RNAs were dif-
fuse and did not show any particular localization. Similar
results were obtained in HT* cells (data not shown). Thus, we
concluded that HIV-1 RNAs, like MLV RNAs (41), can travel
through the cytoplasm on endosomal vesicles.

HIV-1 Gag Is Present in Late Endosomes—Because Gag is
responsible for the recognition and packaging of genomic
RNAs and is also essential for viral biogenesis, we investigated
its trafficking. Late endosomes were identified with TiVamp-
CEP, early and recycling endosomes with fluorescent trans-

ferrin, and HIV-1 Gag was detected by immunofluorescence
with an antibody against CA(p24), which recognizes both pro-
cessed and unprocessed forms of Gag. Similar to the case of
HIV-1 RNAs, several patterns were observed (Fig. 2B). In the
most frequent one (67% of the cells), Gag was diffuse in the
cytoplasm. In the second pattern (33% of the cells), Gag was also
present in intracellular vesicles corresponding mainly to late
endosomes (Fig. 2B and supplemental Fig. S1). These endo-
somes were not deep invaginations of plasma membrane, as
proposed in other systems (28, 57), because they were negative
for the plasma membrane marker CD44 (data not shown). In
addition, endosomal Gag did not correspond to endocytosed
virions produced by surrounding cells (supplemental Fig. S2).
We also noted that a minute amount of Gag was present at the
plasma membrane (Fig. 2B). This is different from the strong
enrichment observed in transient transfection (58) (see also Fig.
9A), but the high expression levels obtained in these conditions
are known to induce the association of Gag with the plasma
membrane (58). Nevertheless, we noted that, in our cell lines,
Gag was frequently concentrated at sites of cellular contact (Fig.
2B and see Fig. 11B). In conclusion, although HIV-1 Gag and

FIGURE 7. Inhibition of endosome and lysosome function increases the release of newly synthesized Gag without perturbing the subcellular distri-
bution of Alix and Tsg101. A, kinetic of degradation and budding of newly synthesized Gag. HT* cells were pulse-labeled with [**S]Met during 10 min and
chased for the indicated time in presence of drugs. Cellular and viral fractions were prepared, and Gag was immunoprecipitated and quantified. Results are
expressed as percentages of the amount of Gag initially labeled (mean of two experiments). B, treatment with chloroquine does not perturb the subcellular
localization of Tsg101 and Alix. Extracts of untreated (left panel) and chloroquine-treated (right panel) HT* cells were fractionated on iodixanol gradients and
analyzed by Western blots with the indicated antibodies. Bottom panel, overexposure of the blots to show the presence of Tsg101 in late endosomes. S, soluble;

PM, plasma membrane; and LE, late endosomes.
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Inhibition of Endosomal Traffic
Induces the Accumulation of HIV-1
RNAs and Gag in Late Endosomes—
To gain functional insights into the
endosomal trafficking of HIV-1 Gag
and genomic RNA, we used drugs
that disrupted endosomal path-
ways: (i) monensin, an ionophore
that neutralizes acidic intracellu-
lar compartments and leads to
defects in vesicular budding; (ii)
nocodazole, which depolymerizes
microtubules and blocks motor-
ized transport; and (iii) chloro-
quine, which inhibits late endo-
some-lysosome fusion and the
degradation activity of lysosomes.

We first looked at the distribu-
tion of HIV-1 RNAs. To this end,
HT* and HT*A cells were co-trans-
fected with pTRIP-MS2X24 and
TiVamp-CFP, treated with drugs
and analyzed by FISH (Fig. 34 and
data not shown). Nocodazole and
chloroquine-treated cells were sim-
ilar to control (Fig. 3B). However,
monensin increased the presence of
HIV-1 RNAs on endosomes as they
could be detected there in 77% of
the cells.

We next investigated the traffick-
ing of Gag (Fig. 4, A and B, and data
not shown). Nocodazole-treated
HT* and HT*A cells displayed a
slightly more frequent accumula-
tion of Gag in late endosomes (in
45% of the cells versus 33% for con-
trol). This effect was, however,
much more pronounced in cells
treated with monensin or chloro-
quine (84 and 97% of cells, respec-
tively). Thus, disruption of endo-
somal trafficking induced an
accumulation of viral RNAs and
Gag on endosomes.

To confirm these effects and to
visualize viral assembly, we analyzed
cells by electron microscopy (Fig. 4C).
In HT*A cells, we observed nascent
virions both at the plasma membrane
and in intracellular compartments.
Quantitation of the images revealed
that 33% of nascent virions were pres-
ent at the plasma membrane and 67%
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in intracellular compartments. Treatment with monensin and
chloroquine induced an accumulation of nascent virions in intra-
cellular compartments, up to 91 and 81%, respectively.

Altogether, our data indicated that the endosomal localiza-
tion of HIV-1 RNAs, Gag, and nascent virions increased dra-
matically when endosomal trafficking was perturbed, suggest-
ing that their transport through the endosomal pathway was a
transient and dynamic phenomenon.

Transport of Newly Synthesized Gag to Endosomes Does Not
Require Dynamin-dependent Endocytosis—The next question
was to elucidate the origin of endosomal Gag and viral RNAs.
We envisioned two non-exclusive possibilities. First, Gag could
be addressed to the plasma membrane after its synthesis, where
a fraction could undergo endocytosis to reach endosomal com-
partments. Second, Gag could be directly transported to endo-
somes without transiting through the plasma membrane. To
visualize the trafficking of newly synthesized Gag, we per-
formed a microscopic pulse-labeling experiment, both in con-
trol cells and when dynamin-dependent endocytosis was in-
hibited. Dynamin is essential for clathrin-dependent and
cholesterol-dependent endocytosis via caveolae (59), and both
pathways have been involved in Gag internalization (26, 27, 60).
Some dynamin-independent endocytic routes have also been
described (59), but these are poorly documented, and there is
currently no evidence that HIV-1 Gag could use them. A dom-
inant-negative dynamin mutant (AdDynK44A) was thus ex-
pressed from a tetracycline-inducible adenovirus. Inhibition
was efficient, because this abolished endocytosis in more than
80% of cells (Fig. 5 and data not shown).

To analyze the traffic of newly synthesized Gag, HT 1080 cells
were infected with AdDynWT or AdDynK44A. Expression of
these constructs was induced by withdrawing tetracycline from
the media, and cells were then simultaneously transfected for
2 h with vectors expressing both a CFP-tagged version of Gag
that buds without visible defects (50), and Rab7-YFP, a late
endosomal marker. Six hours after transfection, we could
readily detect Gag accumulating in Rab7-positive endosomes in
cells infected with AdDynWT (in 95% of cells, Fig. 5). More-
over, in cells infected with AdDynK44A, Gag also localized in
endosomes (in 87% of the cells). This Gag was produced in cells
unable to perform endocytosis, because this was already inhib-
ited after the 2-h transfection period, at which point CFP-Gag
was not yet detectable (Fig. 5, AdDynK44A ¢t = 0 panels). This
demonstrated that Gag could reach endosomes when dynamin-
dependent endocytosis was inhibited, suggesting that a fraction
of Gag was directly targeted to endosomes without first traffick-
ing through the plasma membrane.

Inhibiting Endosomal Traffic Increases Viral Production—To
evaluate the role of the endosomal Gag during viral replication,
we treated Gag-producing cell lines with endosomal inhibitors
and measured viral release. Surprisingly, and in contrast to

Endosomal Traffic Regulates HIV-1 Biogenesis

what had been previously found for MLV (41), all drugs
enhanced the production of HIV-1 particles (Fig. 6A4). In HT*
and HT*A cells, it increased 2-fold with monensin, 3-fold with
nocodazole, and an impressive 7-fold with chloroquine. Similar
results were observed in HT*A-GFP cells, but the effect of chlo-
roquine was slightly weaker as it increased viral production by
3.5-fold. To test whether Gag was released as bona fide virions
rather than in exosomes, supernatants of treated cells were ana-
lyzed on 5-20% iodixanol gradients. Exosomes are well sepa-
rated from virions under these conditions, with exosomes
migrating in the top third of the gradient and virions in the
bottom third (75). Indeed, Gag was released as virions (supple-
mental Fig. S3). In addition, these viral particles were able to
incorporate the envelope and genomic RNAs (Fig. 6B) and had
an infectivity similar to wild-type particles (Fig. 6C).

To extend these results, we examined the behavior of newly
synthesized Gag by pulse-chase analysis (Fig. 7A). Similar to
what has been observed previously (61), only a small fraction of
Gag formed viral particles. Moreover, the amount of pulse-la-
beled Gag decreased during the chase, and only 55% of Gag
was recovered after 6 h, suggesting that a large amount was
degraded. Nevertheless, in agreement with steady-state exper-
iments, cells treated with monensin and nocodazole generated
two to three times more virions (Fig. 7). Inhibition of lysosomal
degradation by chloroquine did not stabilize Gag, but it induced
a dramatic 20-fold increase in viral production.

To exclude the possibility that chloroquine treatment
resulted in overexpression or re-localization of ESCRT machin-
eries, leading to uncontrolled budding of viral particles, we ana-
lyzed the subcellular distribution of Tsgl01 and Alix by frac-
tionation on iodixanol gradient (Fig. 7B). Plasma membrane
and late endosomal fractions were identified with antibodies
against CD44 and Rab9 (or CD9), respectively. In both control
and chloroquine-treated cells, Alix and Tsgl101 localized pre-
dominantly in fraction 1 (top, soluble fraction) and to a lesser
extent in fraction 2, containing soluble proteins and plasma
membrane. They were not readily detected in late endosomal
fractions (fractions 6 and 9). However, following concentration
of extracts by trichloroacetic acid precipitation and overexpo-
sure of the blots, Tsg101 was weakly detected in late endosomes
in both untreated and treated cells. Thus, the subcellular pro-
files of Tsg101 and Alix were not influenced by drug treatment.
In contrast, Gag was detected in the soluble fraction, as well as
at the plasma membrane and in late endosomes, and treatment
with chloroquine increased the amount of Gag in late
endosomes.

Altogether, these experiments demonstrated that inhibition
of endosomal traffic did not prevent release of HIV-1 virions, in
contrast to the case of MLV (41). Furthermore, they indicated
that, although a significant fraction of Gag was normally
degraded in lysosomes, it could generate viral particles when

FIGURE 9. A fraction of Gag is stably associated with late endosome and is able to produce viral particle. A, Gag resides a short time at the plasma
membrane but a long time in endosomes. HT1080 cells were transfected with plasmids expressing Gag-TC and Rab7-YFP. 24 h post-transfection, cells were
labeled with ReAsh during 2 h, incubated with 200 um cycloheximide (CHX), and observed after various lengths of time (t in hours). Red, Gag (GagTC-ReAsh);
green, Rab7 (Rab7-YFP). Images correspond to a projection of three-dimensional stacks (64 X 64 um). Arrows point to plasma membrane staining. B, both
endosomal and plasma-membrane Gag produce viral particles. Cells were transfected and incubated with cycloheximide as in A. At the indicated time (O or 8 h),
cells were washed and incubated for 4 additional hours in cycloheximide. Efficiency of viral release was calculated as the ratio of viral versus cellular Gag and
normalized to values obtained in untreated cells. Results are the mean of three experiments done in duplicates (=S.E.).
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lysosomes were not functional. These experiments thus sug-
gested that Gag could use both endosome-dependent and inde-
pendent routes.

Virions Rescued by Chloroquine Treatment Do Not Originate
from Dynamin-dependent Endocytosis—To determine if the
endosomal Gag rescued by chloroquine treatment had tran-
sited through the plasma membrane or originated directly from
the cytosol, we analyzed the effect of inhibiting endocytosis on
Gag release. HT* cells infected with AdDynWT were similar to
control, whereas cells infected with AdDynK44A increased
viral production by 2-fold (Fig. 8). These data indicated that a
fraction of Gag localized at the plasma membrane was sub-
jected to endocytosis, but could bud upon the endocytic block.
Nevertheless, because inhibiting lysosomal degradation with
chloroquine stimulated budding 7-fold, it appeared that the
majority of Gag rescued by chloroquine was directly trans-
ported to endosomes without first transiting through the
plasma membrane. However, another possibility was that some
plasma membrane Gag required to be addressed to endosomes
to become competent for budding. To distinguish between
these possibilities, we simultaneously inhibited endocytosis and
blocked lysosomal degradation with chloroquine. Chloro-
quine-treated HT* cells infected with AdDynWT increased
viral release by 7-fold (Fig. 8), as observed in control cells (Fig.
6A). Moreover, chloroquine also stimulated viral release in cells
infected with AdDynK44A (3.5-fold), to reach a level equivalent
to AdDynWT-infected cells. These results indicated that most
of the endosomal Gag rescued by chloroquine treatment had
not transited previously through the plasma membrane.

Viral Production Does Not Correlate with Plasma Membrane
Localization of Gag—The previous data suggested that endoso-
mal Gag could use retrograde pathways to reach the plasma
membrane. To support this possibility, we performed a micro-
scopic chase experiment. We used a Gag-TC construct, which
contains a tetracysteine tag (CCPGCC) fused to the C-terminal
domain of Gag and allows visualization of old and newly syn-
thesized proteins in living cells by successive rounds of labeling
with red and green arsenite conjugates (51, 62, 63). However, it
was difficult to obtain reliable signals in two colors, and we thus
preferred to simply chase the existing protein by stopping its
synthesis with cycloheximide. HT1080 cells were transfected
with Rab7-YFP and Gag-TC expression vectors and treated
with cycloheximide (Fig. 94). At the beginning of the chase (t =
0), Gagaccumulated both at the plasma membrane and in intra-
cellular Rab7-positive compartments (in 80% of cells). After 4 h
of chase (¢t = 4 h), the staining of Gag at the plasma membrane
decreased and was observed only in 45% of cells while Gag still
accumulated in endosomes. After 8 h of chase, Gag was detect-
able at the plasma membrane in <20% of the cells and was
exclusively detected in endosomes in 80% of cells. This pattern
was then stable, because Gag remained in endosomes even after

Endosomal Traffic Regulates HIV-1 Biogenesis

12 h of cycloheximide treatment. In control cells not treated
with cycloheximide, the distribution of Gag remained
unchanged with 80% of cells displaying both plasma membrane
and endosomal localization (data not shown). Thus, Gag mol-
ecules were transiently localized at the plasma membrane and a
fraction had a long residency time in endosomes. This allowed
us to measure their respective contribution in viral production.
Cells treated with cycloheximide generated viral particles as
efficiently as control cells (Fig. 9B). Moreover, there were no
differences in budding efficiency during the first 4 h after cyclo-
heximide addition and the 8- to 12-h period, despite the disap-
pearance of Gag from the plasma membrane. Similar results
were obtained with HT* cells that stably express Gag (data not
shown). We thus observed no correlation between the intra-
cellular localization of Gag and the efficiency of viral release,
and the simplest interpretation of these data was that plasma
membrane and endosomal Gag had similar abilities to generate
viral particles.

Viral Production Is Inhibited by TiVamp Depletion—To for-
mally prove that endosomal Gag produced virions and to deci-
pher the mechanisms involved, we attempted to inhibit its ret-
rograde transport to the plasma membrane. Because we had
previously observed that Gag and viral RNAs co-localized with
TiVamp, which is involved in fusion events between late endo-
somes and the plasma membrane (64), we investigated a possi-
ble role of TiVamp in HIV-1 budding. HT* cells were trans-
fected with siRNAs against TiVamp, and viral production was
measured. siRNAs were very efficient, because TiVamp became
undetectable in >90% of the cells (Fig. 10A4). Remarkably,
TiVamp depletion decreased viral production by 30% (Fig.
10B). Moreover, the siRNAs also inhibited budding upon chlo-
roquine treatment (35%, Fig. 10C). This demonstrated that
endosomal Gag contributed to viral production, and that one-
third used a TiVamp-dependent route to exit cells.

Release of Endosomal Gag Is Stimulated by Endosomal Exo-
cytosis and Occurs Preferentially at Sites of Cellular Contact—
Previous work suggested that endosomal Gag could divert the
cellular exocytic machinery to reach the cell surface (32, 33, 36,
38). To re-examine this hypothesis, we treated cells with cyclo-
heximide for 8 h to deplete Gag from the plasma membrane.
Late endosomal and lysosomal exocytosis was then induced by
incubating cells with ionomycin, an ionophore that raises
the concentration of intracellular calcium (65). This
enhanced viral production by a factor of two, suggesting that
the release of endosomal Gag was regulated by extracellular
signals (Fig. 11A4).

As mentioned above, HIV-1 Gag frequently accumulated at
sites of cellular contact in HT* cells (in 93% of the cells (Fig.
11B)). We thus asked if this localization could be altered by
perturbing endosomal trafficking. Indeed, treatment with
monensin, which prevents trafficking out of endosomes,

FIGURE 10. Depletion of the v-SNARE TiVamp decreases viral release. A, TiVamp depletion is efficient. HT* cells were transfected with siRNA against FFL or
TiVamp, incubated during 72 h, and fixed. TiVamp was detected by immunofluorescence with a monoclonal antibody (green). B, TiVamp depletion impairs viral
release. HT* cells were transfected with siRNAs against FFL or TiVamp. After 72 h, cells were washed and incubated for an additional 6 h. Cellular and viral
fractions were analyzed by Western blotting (two different experiments are shown). Results were normalized to cells transfected with FFL siRNAs, and five
experiments done in triplicates were averaged (£S.E.; p < 0.05). C, TiVamp depletion impairs viral release in chloroquine-treated cells. Legend as in B, except
that cells were incubated with chloroquine (Ch, 20 um) during the 6-h incubation period. Results are the mean of four experiments done in triplicates, p < 0.05

(=S.E).
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Transported from the Cytosol to
Late Endosomes—Our study reveals
a number of surprising features in
the intracellular trafficking of Gag.
First, our results indicate that newly
synthesized Gag can reach late Control
endosomes without first transiting
through the plasma membrane.
Indeed, we observed that, when a
CFP-Gag fusion was expressed in
cells unable to perform dynamin-
dependent endocytosis, Gag could
still accumulate in late endosomes.
Nevertheless, this does not exclude
that plasma membrane Gag can be
also endocytosed to reach endo-
somes, and in fact our results sug-
gest that this occurs as budding
increases 2-fold when endocytosis is
inhibited. Our data contrast to that Monensin
of Jouvenet et al. (27), who reported
that Gag-GFP fails to reach endo-
somes upon expression of domi-
nant-negative forms of Rab5 or
Eps15, which block some dynamin-
dependent endocytic pathways. The
reasons for this discrepancy are not
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clear, but could be due to the cell line used (293T versus
HT1080), the fluorescent Gag fusion, or the amount of Gag
expressed. Importantly, a direct cytosol-to-endosome route is
also supported by our functional analysis of viral budding.
Indeed, we show that inhibition of lysosomal degradation by
chloroquine increases the release of viral particles 7-fold,
whereas inhibition of endocytosis increases the release of viral
particles only 2-fold. Thus, the cytosol-to-endosome pathway is
quantitatively important as it represents several times the
amount of Gag that forms viral particles under control condi-
tions. Although this route is rather unusual, it has been previ-
ously observed for the cytosolic protein c-Jun, which is trans-
ported to late endosomes/lysosomes in a ubiquitin-dependent
manner and degraded there (67). A similar pathway may oper-
ate for HIV-1 Gag, because inhibition of lysosomal function by
chloroquine leads to a dramatic accumulation of Gag in late
endosomes.

The mechanisms that could directly target HIV-1 Gag to late
endosomes remain to be characterized. However, we note that
the attachment of Gag to membranes requires a structural
switch in MA to expose the myristoyl anchor. This conforma-
tional change can be induced by the binding of phosphatidyl-
inositol 4,5-bisphosphate, which is mainly localized at the
plasma membrane, but also by the multimerization of Gag on
the RNA (66, 68, 69). Furthermore, several endosomal proteins
like TIP47 and AP-1 bind MA (70, 71) and could thus poten-
tially induce the myristoyl switch in proximity to endosomal
membranes.

It has been previously shown that cells contain a restriction
factor, recently identified as tetherin (72), which prevents the
release of Gag from the plasma membrane (73, 74). Interest-
ingly, tetherin induces Gag endocytosis and its accumulation in
intracellular compartments, whereas the viral protein Vpu is
able to counteract this effect (72). Our results show that
another major restriction of viral release occurs by the direct
transport of cytosolic Gag into late endosome, followed by
rapid lysosomal degradation. Although tetherin and Vpu are
not operating in the HT1080 cells used here, the fact that teth-
erin is present in various endosomal compartments raises the
possibility that it could act not only at the plasma membrane
but also in endosomes. Alternatively, HIV-1 virions that bud in
late endosomes might escape tetherin surveillance.

HIV-1 Gag Uses Endosome-dependent and Endosome-inde-
pendent Pathways to Produce Virions—Our study attempted to
trace the origin of HIV-1 virions by inhibiting specific transport
steps and analyzing the release of viral particles. We believe that
this is a key approach to complement localization studies,
because only a small fraction of Gag generates virions, and glo-
bal analyses of Gag localization can thus be misleading. Fur-
thermore, the trafficking of Gag through some compartments
can be very transient and underestimated by steady-state local-
ization studies.

Endosomal Traffic Regulates HIV-1 Biogenesis

Our pulse-chase and steady-state experiments performed in
the presence of various inhibitors allowed us to draw several
conclusions for the trafficking of Gag and its impact on viral
egress. First, as noted previously (61), only a small fraction of
Gag generates viral particles. Second, a large fraction of Gag
does not require endosomal trafficking to generate virions, as
also proposed by several studies (26, 27). Indeed, virions are
produced efficiently when endocytosis or endosomal transport
is blocked with dynamin, nocodazole, monensin, or chloro-
quine. Third, transport to endosomes negatively regulates viral
egress, because inhibition of either endocytosis or lysosomal
degradation increases budding 2- and 7-fold, respectively.
Fourth, Gag molecules present in endosomes can access retro-
grade routes to reach the plasma membrane and to produce
virions. Indeed, treatments with drugs that act late on the endo-
cytic pathway, downstream of the plasma membrane, increase
viral budding. Finally, we identified one of these retrograde
routes with TiVamp, a v-SNARE required for the fusion of late
endosome with the plasma membrane. Indeed, TiVamp co-
localizes with both Gag and genomic RNAs in endosomes, and
its inactivation reduces budding. Altogether, our data indicate
that HIV-1 Gag can use at least two routes to produce virions,
one that is independent of endosomes, and another one that
requires them. This latter pathway generates a minor, but sig-
nificant fraction of the virions.

Endosomes and RNA Packaging— Although the behavior of
HIV-1 RNAs generally parallels the one of Gag, there are some
interesting differences. First, inhibition of lysosomal degrada-
tion leads to a dramatic accumulation of Gag in late endosomes,
whereas viral RNAs become only slightly enriched there. Sec-
ond, this induces the release of nearly 2-fold more Gag than
viral RNAs, suggesting that inhibition of lysosomal degradation
preferentially stabilizes and rescues Gag molecules not bound
to viral RNAs. Interestingly, chasing Gag with cycloheximide
revealed that late endosomes contain a stable population of Gag
molecules, in addition to the ones transported to lysosomes for
rapid degradation. In agreement with the possibility that this
stable population could be bound to viral RNA, our videomi-
croscopy experiments indicate that viral RNAs are associated
with late endosomes for extended periods of time. Such a sta-
bilization of Gag by the viral RNAs would be consistent with
their scaffolding role during the biogenesis of viral particles. It
also suggests that endosomes participate in a quality-control
step, because Gag molecules bound to genomic RNAs would
preferentially escape lysosomal degradation and eventually be
released in the extracellular media.

Endosomal Gag: A Means to Regulate Budding in Time and
Space?—Several components of retroviruses have been ob-
served in endosomes (32, 34, 36, 39, 41, 42), and this has led to
anumber of speculations regarding their role in viral biogenesis
(see the introduction). Recent remarkable observations made in
live macrophages have shown that “intracellular” HIV-1 Gag

FIGURE 11. Budding of endosomal Gag is regulated in time and space. A, endosomal exocytosis stimulates the release of endosomal Gag. HT1080 cells
transfected with Gag-TC and treated for 8 h with cycloheximide were incubated for 10 min with 3 mm CaCl, in the absence (CaCl2) or presence of 10 mm
ionomycin (CaCl2 + lono). Cells were washed, and viral production was assessed after 30 additional minutes. Viral release was normalized to CaCl,-treated cells.
Mean of two experiments done in duplicate (=S.E.). B, inhibition of endosomal trafficking blocks the accumulation of HIV-1 Gag at sites of cellular contacts. HT*
cells were treated or not with monensin, and HIV-1 Gag was detected by immunofluorescence with an antibody against CA(p24). The arrows point to sites of

cellular contact.
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can be mobilized to the cell surface during the formation of
infectious synapses (43). However, it is not yet clear whether
this intracellular Gag corresponds to invaginations of the
plasma membrane or to an endosomal pool of Gag. In this
study, we show that, in HT* cells, inhibition of endosomal traf-
fic by monensin prevents Gag accumulation at intercellular
contact sites, indicating that the retrograde transport route that
we have uncovered plays an important role in the subsequent
delivery of Gag to specific sites of the plasma membrane.

It was previously shown that viral production is stimulated by
increasing intracellular calcium concentration (32, 33). Our
data confirmed that this is likely due to endosomal Gag. Alto-
gether, these data support the possibility that endosomal Gag
could generate virions in a regulated manner, i.e. at the appro-
priate time and place, particularly during and at sites of cellular
contact. Thus, endosomal Gag may be specialized to propagate
viruses by direct cell-cell contact, whereas plasma membrane
Gag may preferentially produce circulating viruses.
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Note Added in Proof—Related findings were reported recently by
Lehmann et al. (Lehmann, M., Milev, M. P., Abrahamyan, L., Yao,
X.-J., Pante, N., and Mouland, A.J. (2009) /. Biol. Chem. 284, 14572—
14585).
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