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Like other viruses, productive hepatitis C virus (HCV) infec-
tion depends on certain critical host factors. We have recently
shown that an interaction between HCV nonstructural protein
NS5A and a host protein, TBC1D20, is necessary for efficient
HCV replication. TBC1D20 contains a TBC (Tre-2, Bub2, and
Cdc16) domain present in most known Rab GTPase-activating
proteins (GAPs). The latter are master regulators of vesicular
membrane transport, as they control the activity of membrane-
associated Rab proteins. To better understand the role of the
NS5A-TBC1D20 interaction in the HCV life cycle, we used a
biochemical screen to identify the TBC1D20 Rab substrate.
TBC1D20 was found to be the first knownGAP for Rab1, which
is implicated in the regulationof anterograde traffic between the
endoplasmic reticulum and the Golgi complex. Mutation of
amino acids implicated in Rab GTPase activation by other TBC
domain-containing GAPs abrogated the ability of TBC1D20 to
activate Rab1GTPase.Overexpression of TBC1D20 blocked the
transport of exogenous vesicular stomatitis virusGprotein from
the endoplasmic reticulum, validating the involvement of
TBC1D20 in this pathway. Rab1 depletion significantly
decreased HCV RNA levels, suggesting a role for Rab1 in HCV
replication. These results highlight a novelmechanismbywhich
viruses can hijack host cell machinery and suggest an attractive
model whereby the NS5A-TBC1D20 interaction may promote
viral membrane-associated RNA replication.

Hepatitis C is a major global public health problem. About
170 million people are infected with hepatitis C virus (HCV),4
and it is the leading cause of liver cancer and liver transplanta-
tion in the United States. Current interferon-based therapy is

inadequate for most patients (1). HCV is a positive, single-
stranded RNA virus containing a 9.6-kb genome encoding a
single �3000-amino acid polyprotein. This polyprotein is pro-
teolytically processed into structural proteins that compose the
mature virus and nonstructural proteins that are involved in
replicating the viral genome (2). Like other positive strandRNA
viruses, HCV is also believed to replicate its RNA in association
with intracellular membranes, although the details of replica-
tion complex assembly are unknown (3).
HCV NS5A is a phosphoprotein of �56–58 kDa, depending

on its phosphorylation status (4–7). NS5A is anchored to a
subset of intracellular membranes via an N-terminal
amphipathic �-helix (8, 9) and an unidentified host cell mem-
brane protein (10). Disruption of the amphipathic nature of the
helix abolishes NS5A membrane localization and viral replica-
tion (9). The NS5A amphipathic �-helix is composed of a
hydrophobic face proposed to be embedded in the cytoplasmic
leaflet of the endoplasmic reticulum (ER) membrane and a
polar charged face that is exposed to the cytosol and thought to
mediate specific protein-protein interactions that are essential
for the formation of a functionalHCV replication complex (11).
Because HCV replication is believed to occur on novel mem-
brane structures derived from the ER (2), it would be reasonable
to hypothesize that the virus will need to subvert host vesicular
membrane transport pathways. That NS5A might be involved
in this process is suggested by the reported interaction of NS5A
with several proteins that are implicated in intracellular protein
trafficking (12–14). Small interfering RNA (siRNA)-mediated
depletion of some of these NS5A-interacting partners, such as
the SNARE (soluble NSF attachment protein receptors)-like
protein human vesicle-associated protein subtype A, was
shown to inhibit HCV replication (15).
Another family of proteins known to play critical roles in

regulating vesicular membrane trafficking pathways are Rab
proteins. Rab GTPases behave asmembrane-associatedmolec-
ular switches (16): they interconvert between an active, GTP-
bound form and an inactive, GDP-bound form. Rab GTPases
have a very low intrinsic GTPase activity, and they depend on
GTPase-activating proteins (GAPs) to activate GTP hydrolysis.
Human cells contain asmany as 70 Rabs and at least 51 putative
RabGAPs (17). Only a few of these GAPs have beenmatched to
a specific Rab substrate. Rab proteins have been previously
implicated in the life cycles of various viruses, including HCV
(for example, see Refs. 18–20). These Rabs mediate the endo-
cytosis, trafficking, or sorting of a variety of viral proteins.
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We have recently discovered the first example of a Rab GAP
being exploited by a virus (21). Starting from a yeast two-hybrid
screen, HCV NS5A was shown to specifically interact with the
host cell protein TBC1D20 (21). The latter contains a TBC
domain present in most known Rab GAPs (22). Depletion of
TBC1D20 severely impairs HCV replication and prevents new
infection, with minimal effects on cell viability (21). These
exciting results raised several key questions regarding the phys-
iological role of TBC1D20 in host cells and in viral replication.
Wepresent here experiments that identify TBC1D20 as theRab
GAP for Rab1 and suggest an attractive mechanism used by
HCV to subvert host cell machinery for the promotion of viral
replication.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfections—Monolayers of the human
hepatoma cell line Huh7.5 (23) were grown routinely as
described (24). Cells were passaged twice weekly after treat-
ment with 0.05% trypsin, 0.02% EDTA and seeded at a dilution
of 1:3. BSC-1 cells were grown in �-minimum Eagle’s medium
supplemented with 1% L-glutamine (Invitrogen), 1% penicillin,
1% streptomycin, 7.5% fetal bovine serum. BSC-1 cells were
passaged twice weekly after treatment with 0.25% trypsin,
0.02% EDTA and seeding at a dilution of 1:3. HeLa cells were
grown in complete Dulbecco’s modified Eagle’s medium sup-
plemented with 1% L-glutamine, 1% penicillin, 1% streptomy-
cin, and 10% fetal bovine serum. Cells were passaged twice
weekly and seeded at a dilution of 1:3. Huh7 and Huh7.5 cells
were transfected using Lipofectamine 2000 (Invitrogen)
according to the manufacturer. HeLa and BSC-1 cells were
transfected using FuGENE 6 (Roche Applied Science).
Plasmids—Standard recombinantDNA technologywas used

to construct and purify all plasmids. All regions that were
amplified by PCR were analyzed by automated DNA sequenc-
ing. Plasmid DNA was prepared from large-scale bacterial
cultures and purified by a Maxiprep kit (Marligen Bio-
sciences). Restriction enzymes were purchased from New
England Biolabs.
The plasmid pE green fluorescent protein (GFP)-TBC1D20

wasmade by cloning full-length TBC1D20 (GenBankTM acces-
sion number NM_144628) obtained from the yeast two-hybrid
positive clone into pEGFP-C1 (Clontech). pEGFP-TBC1D20
R105A was made by introduction of the R105Amutation using
the QuikChange site-directed mutagenesis kit (Stratagene).
pMyc-TBC1D20 and pMyc-TBC1D20 R105A were created
similarly in pCMV-Myc (Clontech). The plasmid expressing
the vesicular stomatitis virusGprotein (VSV-G) fused to yellow
fluorescent protein was a generous gift from Dr. Benjamin
Aroeti. The Rab constructs were described elsewhere (25).
pDEST-17 for bacterial expression of TBC1D20 with a His6
N-terminal tag was prepared from a Gateway system (Invitro-
gen) entry clone for TBC1D20 obtained from the Human
ORFeomeCollection (Open Biosystems catalog no. OHS1771).
The R66A and R105A mutations were inserted in to pDEST-
17-TBC1D20 using the QuikChange site-directed mutagenesis
kit. To express TBC1D20 amino acids 1–362, the TBC1D20
fragment was amplified by PCR and cloned into pET14b in-
frame with the N-terminal His tag.

Immunofluorescence—BSC-1 or HeLa cells were grown on
coverslips. The cells were fixed 18 h post-transfection using 4%
formaldehyde. Following fixation, the cells were permeabilized
with saponin and stainedwith an anti-calnexin antibody (1:200,
StressGen), anti-GM130 monoclonal antibody (1:1000, Trans-
duction Labs), or anti-Myc primary antibody (1:1000, Santa
Cruz Biotechnology), followed by secondary goat anti-mouse
antibodies conjugated to Alexa 594. Coverslips were mounted
with polyvinyl alcohol (Mowiol) mounting medium.
Fluorescence images were captured with a Nikon E600 fluo-

rescencemicroscope equipped with a SPOT digital camera and
Openlab image acquisition software (Improvision). Confocal
images were taken using a Bio-Rad confocal microscope.
Bacterial Expression and Purification—Purification of Rab

proteins was described elsewhere (25). For the purification of
TBC1D20 and TBC1D20 R66A,R105A, pDEST-17 containing
each of these proteins was transformed into BL21-Codon-
Plus(DE3)-RIPL cells (Stratagene). pET14b-TBC1D20 amino
acids 1–362 were transformed into Rosetta cells (Invitrogen).
Overnight cultures of Escherichia coliwere diluted 1:100 in 500
ml of fresh medium and grown at 37 °C to an absorbance of 1.
Isopropyl �-D-thiogalactopyranoside (Invitrogen) was then
added to a final concentration of 1mM.After 3 h of growth, cells
were pelleted and resuspended in 25 ml of lysis buffer (50 mM
Tris (pH 8), 400 mM NaCl, and 0.1% Fos-Choline-13 (Anatrace
Inc.), and Complete mini protease inhibitor tablets (Roche
Applied Science)). After 15 min of incubation on ice, cells were
lysed by two cycles in a French press at a pressure of 10,000 p.s.i.
for 1min, followed by centrifugation at 27,000� g for 30min at
4 °C. The supernatant was then passed through a 0.45-�m filter
and loaded on a 1-ml HisTrap nickel-nitrilotriacetic acid col-
umn (GE Healthcare) in the presence of 20 mM imidazole
(Sigma). Following two washes with lysis buffer, TBC1D20 was
eluted in 2 ml of elution buffer (50 mM Tris (pH 8), 400 mM
NaCl, 0.1% Fos-Choline-13, and 400 mM imidazole). The
pooled eluates were loaded onto a Superdex 200 column
(HiLoad Superdex 200 prep grade, 26/60; GE Healthcare) pre-
equilibrated with Superdex 200 buffer (20 mMHEPES (pH 7.4),
200 mM NaCl, and 1 mM MgCl2). Fractions containing
TBC1D20monomerwere pooled and stored at�80 °C. Expres-
sion and purification were monitored by SDS-PAGE, followed
by Coomassie staining or Western blot analysis with an anti-
His6 antibody (1:5000, Pharmingen). There were no differences
in yield or purity between the mutant proteins and wild-type
TBC1D20.
GAP Assays—GAP assays were previously described (25).

Briefly, Rab GTPases were loaded with GTP by incubating 2–3
mgof proteinwith a 25-foldmolar excess ofGTPat 25 °C for 1 h
in 20mMHEPES (pH7.5), 150mMNaCl, 5mMEDTA, and 1mM
dithiothreitol. Free nucleotide was then removed using D-Salt
columns (Pierce) pre-equilibrated with 20 mM HEPES (pH 7.5)
and 150 mM NaCl. The kinetics of intrinsic and GAP-acceler-
ated GTP hydrolysis were measured by a continuous enzyme-
coupled optical assay for the release of inorganic phosphate,
with the use of reagents from the EnzChek phosphate assay kit
(Invitrogen). GTP-loaded Rab GTPases were mixed with solu-
tions containing the assay reagents and GAPs and dispensed
into 96-well half-area microplates (Corning) using a Precision
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2000 pipetting system (Bio-Tek). The final solutions contained
20 mM HEPES (pH 7.5), 150 mM NaCl, 0.15 mM 2-amino-6-
mercapto-7-methylpurine ribonucleoside, 0.75 unit/ml purine
nucleoside phosphorylase, 10 mM MgCl2, 20 mM GTP-loaded
RabGTPases, and various concentrations ofGAPs.Absorbance
at 360 nmwasmonitoredwith a Safiremicroplate spectrometer
(Tecan).
Data were analyzed by fitting them simultaneously to the

pseudo-first-order Michaelis-Menten model function (see
Ref. 25). The catalytic efficiency (kcat/Km) and intrinsic rate
constant for GTP hydrolysis (kintr) were treated as global
parameters.
Carbonate Extraction of Membranes—A confluent 10-cm2

dish of Huh7 cells was transfected with GFP-TBC1D20. The
cells were trypsinzed 24 h post-transfection, washed twice with
phosphate-buffered saline supplemented with protease inhibi-
tors, and homogenized with 50 passes through a 25-gauge nee-
dle. Breakage of the cells was confirmed using trypan blue
exclusion. The supernatants were cleared at 500 � g and split
into two equal volumes. Membranes were then pelleted by a
30-min centrifugation at 100,000 � g in a Beckman TL-100
ultracentrifuge. The supernatant was saved as the cytosolic
fraction, and the membranes were resuspended in 10 volumes
of 0.3 M sucrose in 10mMTris (pH 7). An additional 10 volumes
containing 10 mM Tris (pH 7) or 0.2 M sodium carbonate (pH
11) (27) were added to the control and treated tube, respec-
tively, followed by a 30-min incubation on ice. The homoge-
nates were then spun at 100,000� g for 1 h at 4 °C.Membranes
were resuspended directly in sample buffer, and the superna-
tants were precipitated using methanol/chloroform precipita-
tion and resuspended in sample buffer. Equivalent volumes of
each sample were loaded on the gel and analyzed by immuno-
blot with anti-GFP antibodies (1:1000, Molecular Probes).
VSV-G Trafficking Assays—HeLa cells were grown on cov-

erslips and cotransfected with the VSV-G-yellow fluorescent
protein (ts 045) expression plasmid and pCMV-Myc-
TBC1D20 or the R105A mutant. The transfected cells were
transferred to 40 °C 2 h post-transfection, and they were
incubated for 16 h. The cells were then incubated at 32 °C for
the appropriate chase period, followed by formaldehyde fix-
ation and immunostaining.
siRNAs—All siRNAs were purchased from Dharmacon as

duplexes. siCONTROL non-targeting siRNA #1 (Dharma-
con) was used as a negative control. Rab1B siRNAs were as
follows: Duplex 9, 5�-UGCAGGAGAUUGACCGCU-
AUU-3� (sense) and 5�-UAGCGGUCAAUCUCCUGC-
AUU-3� (antisense); Duplex 10, 5�-CCAGCGCGAACGUC-
AAUAAUU-3� (sense) and 5�-UUAUUGACGUUCUCGCU-
GGUU-3� (antisense); Duplex 11, 5�-CGGUGGGAUCUGA-
GUAUAUUU-3� (sense) and 5�-AUAUACUCAGAUCCCA-
CCGUU-3� (antisense); and Duplex 12, 5�-GAAUAUGA-
CUACCUGUUUAUU-3� (sense) and 5�-UAAACAGGUAGU-
CAUAUUCUU-3� (antisense). siRNA transfections were done
using 100 nM siRNA/well in a 6-well plate.
Real-time PCR—For real-time PCR experiments, Huh7.5

cells were transfected with siCONTROL or Rab1B siRNAs. The
cells were trypsinized 8 h after transfection, and 1 � 105 cells
were plated in a 12-well plate. The cells were allowed to adhere

overnight and were infected with cell culture-grown HCV
titered at 1.4 � 104 TCID50/ml, as described (28, 29). 2 h after
infection, cells were washed twice with themedium. After 72 h,
RNAwas extracted in triplicates using 0.5 ml of TRIzol reagent
(Invitrogen) and then subjected to reverse transcription using
random hexamers and SuperScript II reverse transcriptase
(Invitrogen). Real-time PCR was performed on the resulting
cDNA to quantify the amount of Rab1B, HCV, and actin
RNAs (in separate reactions) in each sample, as compared
with an in vitro transcribed HCV RNA standard and human
actin standard (Applied Biosystems, Foster City, CA),
respectively. HCV was quantified using primers AGAGCC-
ATAGTGGTCT and CCAAATCTCCAGGCATTGAGC
and probe 6-carboxyfluorescein-CACCGGAATTGCCAG-
GACGACCGG-6-carboxytetramethylrhodamine. Actin was
quantified using �-actin control reagents (Applied Biosystems)
according to themanufacturer’s instructions. Rab1Bwas quan-
tified using the TaqMan� gene expression assays probe and
primer set for Rab1B (Assay ID Hs00823717_g1).

RESULTS

TBC1D20 Is a Rab1GAP—Human cells are predicted to have
as many as 70 Rabs. To narrow down the number of potential
substrates for the TBC1D20 GAP, we characterized the subcel-
lular distribution of TBC1D20. When BSC-1 cells were trans-
fected with a plasmid expressing TBC1D20 with an N-terminal
GFP tag, a reticular pattern typical of ER localization was
observed (Fig. 1). Confocal microscopy showed that in all the
TBC1D20-expressing cells most of the TBC1D20 signal co-lo-
calizedwith the ERmarker calnexin, confirming its ER localiza-
tion. Based on this apparent ER localization, we predicted that
theRabs regulated byTBC1D20 are likely to be those associated
with the ER. Because an apparent interaction between HCV
NS4B and Rab5 was recently reported (18) and because some
Rabs are known to be activated by more than one GAP (30, 31),
we performed a broader screen including 27 mammalian Rabs.
The GAP Gyp1 (whose Rab substrates are known) was tested
against Rab1, -2, -3, and -33 as a control for the specificity and
activity of the Rabs tested (25). Among the Rabs tested,
TBC1D20 had a high selectivity for activating the Rab1GTPase
(Fig. 2). The activity of TBC1D20 was further investigated by
simultaneous fitting of the data to a pseudo-first-orderMichae-
lis-Mentenmodel function. Activation of Rab1 GTP hydrolysis
by TBC1D20 has an apparent catalytic efficiency (kcat/Km) of
360 M�1 s�1 (Fig. 3A). A recent crystallographic study revealed
that Rab GAPs activate their Rab GTPase substrates via a so-
called “dual finger” mechanism involving two critical catalytic

FIGURE 1. TBC1D20 is localized to the ER. GFP-TBC1D20 was transfected
into BSC-1 cells, and 24 h after transfection cells were fixed and stained with
anti-calnexin antibody. Co-localization was confirmed using confocal micros-
copy. Scale bar � 5 �m.
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residues supplied in trans by the TBC domain (25). We there-
fore introduced two point mutations into the TBC domain of
TBC1D20 to disrupt one of the above “fingers” and determined
the ability of the resulting mutant TBC1D20 (R66A,R105A) to
activate Rab1 GTPase activity. As shown in Fig. 3B, the
GTPase-activating activity of TBC1D20 on Rab1 was abolished
when these conserved arginine residues were mutated to
alanine.
TBC1D20 Is a Transmembrane Protein—Hydropathy analy-

sis of the primary sequence of TBC1D20 using the SOSUI pre-
diction system (32) revealed a C-terminal hydrophobic domain
of 26 residues (Fig. 4, A and B). We hypothesized that the latter
represents a transmembrane domain within TBC1D20. Exper-
imental support for this hypothesis came during its purifica-
tion. The amount of protein purifiedwas extremely lowwithout
the presence of a detergent. Alkaline stripping was used to fur-
ther confirm that TBC1D20 associates with membranes in a
manner characteristic of integral membrane proteins. For this,
Huh7 cells expressing GFP-TBC1D20 were homogenized, and
lysates were separated into cytosolic and membrane fractions
by centrifugation. Membranes were then washed with either

sodium carbonate or buffer and
incubated on ice for 30 min. Mem-
branes were pelleted by centrifuga-
tion and analyzed by SDS-PAGE
and immunobloting. The GFP-
tagged TBC1D20 was found exclu-
sively in the membrane fraction and
was resistant to alkaline extraction
(Fig. 4C), consistent with the notion
that TBC1D20 is an integral mem-
brane protein.
The presence of a transmem-

brane domain might cause aggrega-
tion of the purified TBC1D20 in
vitro, affecting the efficiency of its
GAP activity. Indeed, a TBC1D20
truncated form (amino acids 1–362)
lacking the transmembrane domain
was �10-fold more efficient
(kcat/Km � 2700 M�1 s�1) than the
full-length protein (Fig. 4D).
Overexpression of TBC1D20 In-

duces Golgi Disruption—Rab1 is
essential for the biogenesis of the
Golgi complex (33). Dominant neg-
ative forms of Rab1 and Rab1 deple-
tion were shown to alter the struc-
tural integrity of the Golgi (33–35),
whereas overexpression of the wild-
type Rab1 or its constitutively active
form did not. If TBC1D20 is indeed
a Rab1GAP in vivo, manipulation of
TBC1D20 levels might influence
Golgi morphology. To test this pos-
sibility, HeLa cells were trans-
fected with a plasmid expressing
TBC1D20 and its catalytically inac-

tive mutant TBC1D20 R105A, both fused to GFP. In 90% of
cells overexpressing the catalytically active form of TBC1D20,
theGolgi complexwas disrupted, as determinedby the redistribu-
tion of GM130 to scattered punctate cytoplasmic structures (Fig.
5). Similar resultswere obtainedwith otherGolgimarkers, includ-
ing p115 (36) (data not shown) and�-coatomer (37). No apparent
changes inGolgimorphologywere detectedwhen the catalytically
inactive mutant TBC1D20 R105A was overexpressed (Fig. 5) or
uponTBC1D20depletion(datanot shown).While themanuscript
was under review, a similar effect of overexpression of TBC1D20
on Golgi integrity was reported (38).
Overexpression of TBC1D20 Affects ER-to-Golgi Trans-

port—Given that Rab1 is essential for ER-to-Golgi vesicle traf-
ficking (33, 35, 39, 40), manipulation of Rab1 GAP levels would
be expected to alter this pathway. Thus, we examined the effect
of overexpression of TBC1D20 on the transport of the temper-
ature-sensitive variant (ts 045) of VSV-G. VSV-G (ts 045) pro-
tein reversibly misfolds and is retained in the ER at 40 °C, but
upon shift to 32 °C it correctly folds and is exported from the
ER. As shown in Fig. 6A, transfection of cells with Myc-
TBC1D20 prevented the exit of VSV-G from the ER in�80% of

FIGURE 2. TBC1D20 is a Rab1 GAP. Purified TBC1D20 was reacted with 27 mammalian Rab GTPases. Catalytic
efficiency (kcat/Km) relative to the intrinsic rate constant for GTP hydrolysis was determined. Values represent
the mean from duplicate wells. Note that only Rab1 displays significant activation by TBC1D20.

FIGURE 3. GTP hydrolysis by Rab1 is enhanced by TBC1D20. A, GTP hydrolysis for Rab1 in the presence of
increasing concentrations of TBC1D20. Solid lines represent a simultaneously fitted pseudo-first-order Michae-
lis-Menten model function from which catalytic efficiency values were extracted. B, kinetics of GTP hydrolysis
for Rab1 in the presence of wild-type or TBC domain mutant forms of TBC1D20.

A Rab1 GAP Mediates HCV Replication

DECEMBER 14, 2007 • VOLUME 282 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 36357

 at H
opkins M

arine Station on A
ugust 30, 2017

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


the cotransfected cells, even after 60 min of incubation at the
permissive temperature. In contrast, upon overexpression of
the catalytically inactive mutant Myc-TBC1D20 R105A,
VSV-G was found in the Golgi as early as 20 min into the chase

period (Fig. 6B). These results demonstrate that TBC1D20 reg-
ulates Rab1-mediated ER-to-Golgi transport in cultured cells in
a manner consistent with its in vitro biochemical GAP activity.
Depletion of Rab1 Inhibits Accumulation of HCV RNA—We

have recently shown that TBC1D20 depletion inhibits HCV
replication and prevents the accumulation of viral RNA (21). If
the role of TBC1D20 in the viral life cycle is mediated via its
Rab1 substrate, Rab1 depletion should also impair viral RNA
accumulation. To test this prediction, we first treated Huh7.5
cells with a control or one of four different Rab1B siRNA
duplexes, followed by infection with HCV (genotype 2a, pro-
duced in vitro, as described (28)). The Rab1B isoform was
selected, as it is reported to be the most abundant form of Rab1
in the liver (41).
The efficiency of these siRNAs in decreasing endogenous

Rab1B RNA levels was first determined (Fig. 7A). Endogenous
Rab1B RNA levels were significantly reduced (80%) 96 h after

FIGURE 4. TBC1D20 is a transmembrane protein. A: schematic diagram of
TBC1D20. The predicted transmembrane domain is shown in black at the C
terminus (at the right); the TBC domain is indicated. B: left, graphical output of
the SOSUI analysis, with the 403 amino acid residues of TBC1D20 indicated
along the x axis. The red line describes the hydropathy profile of each seg-
ment. Right, a schematic diagram of the predicted transmembrane domain.
C: TBC1D20 membrane association is resistant to alkaline stripping. GFP-
TBC1D20 membranes were washed with 0.1 M sodium carbonate or buffer
and pelleted by centrifugation. Equal amounts of cytosol (lane 1) and released
proteins and membranes, treated with buffer (lanes 2 and 3) or alkaline car-
bonate (lanes 4 and 5), respectively, were loaded and analyzed by SDS-PAGE
and immunoblotting with anti-GFP antibodies. D: catalytic efficiencies (kcat/
Km) of full-length (wild-type) TBC1D20 or a truncated form (amino acids (a.a.)
1–362) lacking the transmembrane domain.

FIGURE 5. Overexpression of catalytically active TBC1D20 causes disrup-
tion of the Golgi complex. HeLa cells were cotransfected with TBC1D20 or its
catalytically inactive mutant R105A, both fused to GFP. The cells were fixed
after 20 h and stained with anti-GM130 primary and Alexa 594-conjugated
secondary antibodies. Scale bar � 10 �m.

FIGURE 6. TBC1D20 overexpression blocks ER-to-Golgi transport of
VSV-G. HeLa cells were cotransfected with a yellow fluorescent protein-
tagged, temperature-sensitive VSV-G and Myc-tagged wild-type (A), or the
catalytically inactive mutant (B) of TBC1D20. Following a 16-h incubation at
the nonpermissive temperature, the cells were shifted to 32 °C for the indi-
cated time periods, fixed, and immunostained using anti-Myc antibodies.
Scale bar � 10 �m.
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siRNA transfection. The same samples were then assayed for
HCV RNA (Fig. 7C). Viral RNA levels in Rab1B siRNA-treated
cells were reduced by 60–85% 72 h after infection compared
with control samples. The extent of HCV inhibition as a result
of Rab1B depletion was equal to or greater than that observed
with inhibition of other host targets reported to play a role in
HCV replication (15, 18). This effect was not seen in the cells
transfected with the control siRNA, consistent with a role for

TBC1D20 and Rab1 in HCV RNA production. Rab1 siRNA
treatments had no apparent effect on cell viability 96 h post-
transfection (Fig. 7B).

DISCUSSION

Like other positive strand RNA viruses, HCV is believed to
replicate in association with intracellular membranes. The cel-
lular factors contributing to the organization of this replication
complex are largely unknown, although they are likely to
include key proteins involved in host vesicular transport path-
ways. We have recently shown an interaction between NS5A
and a host protein, TBC1D20, that mediates viral replication
(21). TBC1D20 contains a Rab GAP domain implicated in acti-
vating RabGTPases (42). Here we showed that TBC1D20 was a
GAP for Rab1, the Rab involved in the regulation of ER-to-
Golgi transport (33, 35, 39, 40). Overexpression of TBC1D20
caused disruption of Golgi morphology and blocked ER-to-
Golgi transport ofVSV-G, further validating the involvement of
TBC1D20 in this pathway. Depletion of Rab1 significantly
decreased HCV RNA levels, suggesting a critical role for Rab1
in HCV replication.
We used a biochemical screen to identify the Rab substrate

for TBC1D20 (Fig. 2). Of all the Rabs tested, our screen showed
that Rab1 is the preferred substrate for TBC1D20. We further
examined the biochemical properties of this interaction by
simultaneously fitting the data to a pseudo-first-order Michae-
lis-Menten model. The apparent catalytic efficiency (kcat/Km)
of Rab1 activation by TBC1D20 was 360 M�1 s�1 (Fig. 3A).
Of 50 GAPs predicted to exist in human cells, only a small

number are currentlymatched to their Rab substrates. TwoRab
GAPs were initially described for Rab5, the most studied Rab
GTPase: RN-Tre (43) and prostate cancer gene 17 (44). Rab5
GAP was described using a yeast two-hybrid library with GTP-
locked human Rabs (45). In this screen, RN-Tre also showed an
interaction with Rab43 and Rab30. Among other human GAPs
described are AS160 (Akt substrate of 160 kDa or TBC1D446),
which showed GAP activity for Rab2A, -8A, -10, and -14 (46);
GAPCenA, which was shown to activate Rab6 (47), although
full-length GAPCenA showed increased activity toward Rab4
(48); EVI5, a centrosomal protein in interphase cells that
showed GAP activity toward RAB11 (49); EPI64, a specific
Rab27A GAP (50); TBC1D15, which shows a preference for
Rab7 (51); and aGAP forRab3A thatwas purified from rat brain
(52). The range of the published kcat/Km values for these
enzymes is 3333.3–41,666 M�1 s�1. Our measured TBC1D20
GAP activity is �10-fold less efficient. But this in vitro differ-
ence was explained by the presence of a predicted transmem-
brane domain at the C terminus because a purified truncated
form of TBC1D20 (1–362) had an 8-fold higher kcat/Km value
(2700 M �1 s�1) (Fig. 4D). TBC1D20 is the first described Rab
GAP containing a transmembrane domain.
Much of our knowledge to date concerning Rab GTPases and

their GAPs comes from yeast studies. The closest yeast GAP to
TBC1D20, based on homology, is Gyp8 (26% identity (53)). Grat-
ifyingly, Gyp8 shows GAP activity toward Ypt1p, the yeast Rab1
homolog (75 and 66% identity to Rab1A and Rab1B, respectively).
An additional GAP for Ypt1p, Gyp5, has also been identified

(53). De Antoni et al. (52) preformed chromosomal deletions of

FIGURE 7. Rab1 depletion reduces HCV RNA levels. Huh7.5 cells were trans-
fected with one of four different Rab1B siRNA duplexes (Duplexes 9 –12), or a
control nontargeting siRNA (siCONTROL). After transfections (8 h), cells were
trypsinized and plated in 12-well plates. The cells were allowed to adhere
overnight and then infected with tissue culture grown HCV. Total cellular RNA
was harvested after 72 h, followed by real-time PCR assay. A, endogenous
Rab1B levels were detected 96 h after transfection to assess the knockdown
efficiency of the respective siRNAs. B, Alamar Blue assays for cell viability were
performed 96 h following transfection of anti-Rab1b siRNAs. C, following
infection (72 h), HCV RNA levels were detected by quantitative real-time PCR.
Values (mean � S.D.) from three independent wells are shown. Results were
normalized to actin RNA levels.
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eitherGYP8 orGYP5 genes in yeast, and the effect was phenotyp-
ically neutral, suggesting overlapping substrate specificity. The
lack of effect on cell viability observed upon siRNA depletion of
TBC1D20 suggests a similar type of functional duplication (21).
Furtherevidence forpossible redundancy is that likeGyp8,Gyp1 is
also a GAP for Ypt1 in yeast (54).
The finding that TBC1D20 activates an ER Rabmatches well

the apparent ER localization of TBC1D20 (Fig. 1) and the pos-
tulate that themembrane-associated HCV replication complex
is assembled using ER-derived membranes containing the viral
proteins. The effect of TBC1D20 overexpression on ER-to-
Golgi transport (Fig. 6,A andB) provides evidence of functional
involvement of TBC1D20 in this pathway, further validating
our assignment of Rab1 as a substrate for the TBC1D20 GAP
activity.
Moreover, the fact that overexpression of catalytically active

TBC1D20 disrupts the integrity of the Golgi complex (pheno-
copying overexpression of a dominant negative Rab1 (33, 35) or
Rab1 depletion (34)) further strengthens the role of TBC1D20
as an in vivo Rab1 GAP (45). Rab1 depletion significantly
decreasedHCVRNA levels, strongly implicating a role for Rab1
in HCV replication (Fig. 7).
Rab1 has previously been shown to be recruited to a replica-

tion complex of an intracellular pathogen (55, 56). There, a
bacterial protein mimics a Rab guanine nucleotide exchange
factor, which activates Rab1 and stabilizes it on an organelle
that supports bacterial replication, thereby subverting mem-
brane transport from the endoplasmic reticulum. We believe
that a similar mechanismmight apply for the NS5A-TBC1D20
interaction. Here, GAP interaction might involve local inacti-
vation of Rab1, permitting the formation of the viral replication
complex without blocking all ER export. This model is sup-
ported by overexpression of NS5A being previously shown to
cause an �20% decrease in the rate of acquisition of Golgi-
specific modifications of the VSV-G ts 045/GFP protein (26).
Taken together, these results suggest an attractive model

employed by HCV to redirect host cell membrane trafficking
machinery to the enhancement of viral replication.We propose
that the NS5A-TBC1D20 interaction locally inactivates Rab1
GTPase at sites of nascent viral protein synthesis to promote
redirection from a Golgi-bound pathway to the virus-induced
membrane structures, supporting HCV RNA replication.
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