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Viral interactions with host cell Rab GTPases
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ABSTRACT

Viruses are obligate intracellular parasites that utilize cellular machinery for many aspects of their
replication cycles. Enveloped viruses generally rely upon host vesicular trafficking machinery to direct
their structural proteins and genomes to sites of virus replication, assembly, and budding. Rab
GTPases have been implicated in the replication of many important viral pathogens infecting humans.
This review provides a summary of virus-Rab protein interactions, with a particular focus on the role of
Rab-related trafficking pathways on late events in the lifecycle of herpesviruses and of HIV-1.

Introduction

Eukaryotic cells contain a variety of membranous organ-
elles of defined lipid and protein composition. An essen-
tial requirement of the cell is to regulate the trafficking of
cellular cargo between membranous organelles, deliver-
ing proteins and lipids to the precise site where the cargo
carries out its function. The vesicular transport machin-
ery of the eukaryotic cell has developed to regulate this
process. Small GTPases are important regulators of
vesicular transport. Rab GTPases are the largest family
of small GTPases engaged in vesicular transport, with
almost 70 Rab family members identified."” Rab proteins
localize to specific membrane compartments, where they
contribute to membrane identity, and act in a general
sense to ensure that membrane-associated cargoes are
transported to their precise destination within a cell.
Because of their prominent role in determining the speci-
ficity and directionality of vesicular transport, Rab
GTPases are known as master regulators of intracellular
membrane trafficking.>’

The molecular control of Rab activity has been
recently reviewed in this journal,* and will be outlined
here only briefly. Newly synthesized Rab proteins first
bind to the Rab escort protein (REP), and are subse-
quently prenylated at C-terminal cysteine residues by
Rab geranylgeranyltransferase. Prenylation is required
for Rab protein membrane interaction and for subse-
quent functions in vesicular trafficking. Prenylated,
membrane-bound Rab proteins act as molecular
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switches, cycling between a GDP-bound, inactive state
and a GTP-bound, active state. Activation is catalyzed by
guanine nucleotide exchange factors (GEFs), and the
predominant action of GEFs to enhance GTP binding is
due to the much higher abundance of GTP as compared
with GDP in the cytosol.*® Individual GEFs mediate
nucleotide exchange for only a limited subset of Rab
proteins, adding complexity to the regulation of Rab
activity. In the GTP-bound state, Rab proteins interact
with effector proteins that mediate specific cellular
functions. Rab effectors include motor proteins, tethers,
sorting adaptors, regulators, kinases, phosphatases, and
other types of effectors.” GTPase activating proteins
(GAPs) hydrolyze GTP to GDP, resulting in reversion of
an active Rab protein to the inactive state. GDP dissocia-
tion inhibitors (GDIs) can bind to inactive Rab proteins
and extract them from the membrane, allowing a cyto-
solic pool of Rabs to be available for subsequent recruit-
ment to specific cellular membranes.

General principles of virus-Rab interactions

Viruses depend upon host cell machinery to carry out
many facets of their replication cycles. The variety of
viruses infecting eukaryotic cells is large, so that the
specific manner by which each virus engages with
host cell machinery will necessarily have unique fea-
tures. Here we will discuss some of the ways in which
viruses engage with Rab-related cellular trafficking
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Figure 1. lllustrative Rab-related pathways used by viruses. I. Rab proteins involved in entry pathways are pictured on the right side of
the diagram. Numerous viruses utilize the endocytic pathway to enter cells, and may deliver their capsids to the cytoplasm through
Rab5+ or Rab7+ endosomes. II. Rab proteins play critical roles in the assembly and egress of enveloped viruses from cells. Rab11 and
Rab 11 FIPs (adaptor proteins) have been implicated in RSV, CMV, and HIV assembly. Rab9 plays a role in late events for several viruses
by an as yet unclear mechanism. lll. Viral glycoprotein trafficking follows Rab-directed vesicular trafficking pathways, and may involve
both outward movement to the plasma membrane and/or endocytosis to intracellular sites of assembly.

pathways that may be applicable to multiple virus
families. Figure 1 illustrates 3 common areas of virus-
Rab pathway interaction. Viral entry is frequently
mediated by endocytic pathways, and utilizes early
endosomes marked by Rab5, with some viruses pro-
gressing to late endosomes marked by Rab7 before
cytosolic entry (Figure 1, pathway I). Another major
segment of the viral lifecycle that intersects frequently
with Rab-related vesicular trafficking is during late
assembly/release steps (Figure 1, pathway II). Out-
ward sorting of assembled virions from the recycling
endosome mediated by Rabll and its adaptors, and
in some cases from the late endosome, marked by
Rab9, have been implicated for several enveloped
viruses. A third major intersection with Rab-directed
vesicular trafficking pathways is in the sorting of viral
envelope glycoproteins (Figure 1, pathway III). Glyco-
proteins may be sorted on transport vesicles from the
trans-golgi network (TGN) to the plasma membrane
(PM), and can be re-directed to intracellular sites by
endocytosis to early endosomes or the recycling endo-
some. A fourth general mechanism used by viruses is
the modification of cellular membranes, in which case
Rab proteins may end up in replication or envelop-
ment/assembly compartments that do not represent
their natural subcellular organelle. This mechanism is

not pictured in Figure 1 but will be discussed with
regard to the replication of human cytomegalovirus
later in this review.

This review focuses on the intersection of viruses with
Rab-directed vesicular trafficking pathways, focusing
principally on the role of Rab proteins in the replication
of enveloped viruses. The goal of the review is not to be
completely comprehensive, but rather to point out the
intimate relationships between viruses and Rab GTPases
where they are known, providing specific examples that
illustrate the principles outlined above. We will start
with a discussion of the role of Rab GTPases in viral
entry events, and then will focus more extensively on
Rab GTPase contributions to virus assembly and egress.
Examples where viruses co-opt Rab-related vesicular
trafficking pathways to deliver their glycoproteins to the
site of virus assembly are included. We note that some of
the examples below were included in a prior review of
this topic from 2006.”

Rab proteins involved in early phases
of virus replication

Most enveloped viruses engage endocytic pathways to
enter cells, while a subset fuse with the plasma mem-
brane. Influenza virus is a well-studied example of an
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enveloped virus that enters cells following uptake into
early endosomes. Influenza viruses are members of the
family Orthomyxoviridae, viruses bearing a segmented,
negative-sense RNA genome. The influenza virus entry
process begins with attachment of the viral hemaggluti-
nin (HA) protein to sialic acid residues on cell surface
glycoproteins,®’ followed by internalization of particles
by clathrin-mediated endocytosis or by alternative routes
such as micropinocytosis.'®'" Influenza virus must then
pass through different endosomes before fusion and
entry, and it is here that Rab proteins are implicated in
early steps of influenza replication. Influenza viruses are
observed within early endosomes (EEs), as marked by
Rab5, before progressing to late endosomes (LEs) marked
by Rab7 where fusion and cytoplasmic entry occur.'” The
lower pH of LEs is required for triggering a conforma-
tional change in HA that exposes the fusion peptide and
allows subsequent fusion events to move forward. Both
Rab5 and Rab7 have been implicated as important for
influenza entry," reflecting the need for particle endocy-
tosis and subsequent endosomal maturation/trafficking
steps. Dominant-negative forms of Rab5 or Rab7 were
shown to disrupt influenza virus entry, while 2 other
enveloped viruses (Semliki Forest virus [SFV] and vesicu-
lar stomatitis virus [VSV]) were sensitive to Rab5 domi-
nant-negative inhibition but not Rab7 dominant-
negative inhibition."” There are suggestions that other
viruses interact with Rab-related pathways during
endocytosis, including evidence for entry of mouse poly-
omavirus through Rabll-positive early/recycling endo-
somes,' > and evidence that Rab5 is required for entry
of the flaviviruses dengue virus, West Nile virus,'® and
hepatitis C virus (HCV)."” This role may extend to
numerous other viruses where the specific role of Rab
GTPases has not been examined, as most animal viruses
enter cells through endocytic uptake.'® The role of Rab5
extends to endocytic uptake of non-enveloped viruses as
well, including adenovirus'® and potentially rotavirus.*’
Thus, in a general sense, Rab GTPases required for the
function and makeup of early endosomes play a role in
the entry of viruses that utilize endocytic pathways, and
for some viruses such as influenza those Rabs involved in
formation and function of late endosomes are also
implicated.

Rab proteins involved in late phases
of virus replication

A growing body of literature implicates specific Rab-
related trafficking events in late stages of viral replication
such as virus assembly and budding. Here we will first
focus on the specific roles of Rab GTPases in late events
of the lifecycle of herpesviruses, and describe a

connection between Rab9 and the egress of several unre-
lated enveloped viruses. We will then concentrate on the
role of Rab GTPases in retrovirus assembly, with a par-
ticular focus on an evolving story implicating Rab-
related trafficking and the Rab11-Family interacting pro-
teins (FIPs) in trafficking of the HIV-1 envelope
glycoprotein.

Rab GTPases and herpesvirus envelopment

Herpesviruses are large, enveloped, double-stranded
DNA viruses that are widespread in human and animal
populations. Herpes simplex virus type 1 (HSV-1) is an
important human pathogen responsible for cold sores,
genital ulcer disease, and severe disease in neonates and
immunocompromised individuals. The HSV-1 particle
includes a capsid surrounded by a complex structure
known as the tegument that links the capsid to the enve-
lope. The budding and envelopment of HSV-1 is com-
plex, and the source of the final viral membranous
envelope has been somewhat controversial. The model of
HSV-1 morphogenesis known as the envelopment-de-
envelopment-re-envelopment model posits that capsids
assembled in the nucleus first bud and acquire their
envelope from the inner nuclear membrane, lose their
envelope when fusing with the outer nuclear membrane,
and finally regain an envelope from the TGN.*'** Hol-
linshead and colleagues used confocal and electron
microscopic approaches to show that Rab5 and Rabll
are involved in HSV-1 envelopment.24 In this work,
HSV-1 capsids were enveloped by tubular membranes
derived from the plasma membrane in a process depen-
dent on dynamin and Rab5. Viral glycoprotein gD was
initially transported through the secretory pathway to
the PM, then retrieved by endocytosis to become incor-
porated in tubular membranes surrounding the viral
capsids. Although they concentrated in this work on
HSV-1 glycoprotein D (gD), the investigators proposed
that the same process holds for other HSV-1 glycopro-
teins. Depletion of Rab5 or Rab11 markedly reduced par-
ticle production in this study. This provides a unique if
somewhat counterintuitive model for HSV-1 envelop-
ment and envelope glycoprotein incorporation, includ-
ing a prominent role for the recycling compartment in
the acquisition of the envelope. Rab6 appears to play an
additional role in HSV-1 assembly processes, as deple-
tion of this Rab profoundly diminished HSV-1 infectious
particle yield.”> The influence of Rab6 was shown to be
on TGN-to-PM trafficking of HSV-1 glycoproteins, and
the investigators concluded that this is an essential step
that precedes endocytosis and envelopment. The role of
Rab6 in HSV-1 glycoprotein TGN-to-PM transit, Rab5
in glycoprotein endocytosis, and Rabll in HSV-1
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Figure 2. Herpesviruses and Rab Proteins. (A) Herpes simplex virus Type 1 (HSV-1) assembly and Rab proteins. HSV-1 utilizes Rab6-
dependent TGN-to-PM transport of its glycoproteins, which are subsequently endocytosed in a Rab5-dependent process. Rab11 is essen-
tial for re-envelopment of capsids. (B) Human Cytomegalovirus (HCMV) utilization of Rab protein trafficking. Pictured schematically is
the CMV assembly compartment, where a series of Rab proteins are recruited and contribute to assembly. Rab6 interacts with the adap-
tor BicD1 to bring the tegument protein pp150 to the assembly compartment in a dynein-dependent transport process.

particle envelopment is depicted schematically in
Figure 2A. As will be outlined for HIV-1 later in this
review, the transport of viral glycoproteins to the PM fol-
lowed by an internalization step required to achieve par-
ticle incorporation is not unique to HSV-1.

Additional Rab GTPases have been implicated in the
assembly of HSV-1. Rab27a has been found to colocalize
with HSV-1 glycoproteins gH and gD in the TGN, and
depletion of Rab27a reduces HSV-1 particle produc-
tion.”® Rabla/b and Rab43 depletion created defects in
HSV-1 envelopment.”’ The Enquist group has used
pseudorabies virus, an alphaherpesvirus and veterinary
pathogen, as a model organism to study the dynamics of
herpesvirus particle egress by live cell fluorescence
microscopy.”® They observed the movement of virus par-
ticles to the PM inside of small, acidified secretory
vesicles. Rab6a, Rab8a, and Rabl1la were present on the
secretory vesicles, data that is consistent with the roles
suggested for Rab6a and Rablla in assembly and envel-
opment discussed above. Altogether, the role of Rab
GTPases in regulating enveloped virus assembly is well-
illustrated by the depth of investigation that has been
performed for HSV-1 and related alphaherpesviruses.

Human cytomegalovirus (HCMYV) assembly provides
some similarities and some substantial differences with
regard to herpesvirus interaction with Rab-regulated
pathways. HCMYV is also an important human pathogen,
causing serious diseases in the setting of congenital infec-
tion and in immunocompromised hosts.” HCMV modi-
fies the host secretory pathway in infected cells, creating
a perinuclear compartment termed the assembly com-
partment (AC) that is enriched in virion tegument and
envelope proteins. The AC is formed around the micro-
tubule organizing center of the cell (MTOC), with micro-
tubules radiating out from the AC.*® This compartment

serves as a site of intersection of viral tegument proteins,
envelope proteins, and capsids and is the site of tegu-
mentation and envelopment of viruses before viral shed-
ding.’"** The formation of the AC is also dependent
upon the molecular motor dynein.*® In contrast to the
pathway described for HSV-1, human cytomegalovirus
(HCMV) has been shown to be enveloped into vacuoles
containing Rab3, the HCMV glycoprotein gB, and the
golgi marker mannosidase I1.>" Rab5 is lacking in the
viral vesicles, suggesting that the process of envelopment
is very different than that outlined above for HSV-1. Fur-
ther work on mechanisms of HCMV assembly identified
Bicaudal D1 (BicD1), an effector protein that links Rab6
to dynein, as an interactor for the HCMV tegument pro-
tein pp150.> Depletion of BicD1 led to diminished virus
yield and defective trafficking of pp150 to the HCMV
assembly compartment. This work suggests a model in
which Rab6-mediated trafficking of pp150 is important
for its delivery to the AC, which also depends upon link-
age to dynein. The importance of Rab6 in HCMV assem-
bly was further supported by the identification of the
ternary complex composed of Rab6, BicD1, and pp150.**
Expression of a dominant-negative form of Rab6
(Rab6AT27N) in cells infected with HCMV reduced
infectious yield by approximately 1 log;,. Taken together,
this body of evidence links Rab6-related trafficking
strongly to HCMV assembly. The role of Rab6 in
HCMYV assembly is markedly different than in its role in
HSV-1 assembly, as BicD1 and movement of tegument
proteins to the MTOC-associated AC is important for
HCMYV, while BicD1 is dispensable in the case of Rab6-
mediated outward transport of HSV-1 glycoproteins.*’
Additional Rab proteins play significant roles in
HCMYV assembly. Rab27a localizes to the AC, and deple-
tion markedly inhibits HCMV production.’® Rabl1a and



196 P. SPEARMAN

a member of the Rabll family interacting proteins
(FIPS), FIP4, are also required for mature AC forma-
tion.” FIP4 is an adaptor protein that links Rab11 family
members to cellular cargo, in this case interacting with
the cytoplasmic tail of HCMV glycoprotein M. This find-
ing implicates the endosomal recycling complex (ERC)
in AC formation and HCMV assembly. The HCMV AC
is schematically depicted in Figure 2B, with the variety of
implicated Rabs and the site of envelopment indicated.
Note that the very distinct roles of Rab6 in HSV-1 vs.
CMV assembly can be compared in Figure 2A vs.
Figure 2B. HCMV illustrates the general principle of
viral re-organization of cellular membranous compart-
ments and vesicular trafficking machinery, and is a good
illustration of the complex ways in which viruses interact
with Rab proteins.

Role of Rab?9 in viral egress

Murray and coworkers used gene trap mutagenesis to
identify host factors required for viral replication, and
identified Rab9 as an important component of the repli-
cation cycles of HIV-1, the filoviruses Ebola virus and
Marburg virus, and measles virus.”” Although the mech-
anism in common that led to inhibition of these diverse
viruses was not entirely clear, the investigators suggested
that a late endosome-to-PM vesicular transport step was
important. Rab9 has also been implicated in release of
HCV particles.”® A peculiar aspect of HCV assembly is
its assembly within lipid droplets of hepatocytes.” Tail
interacting protein of 47 kDa (TIP47) has been associ-
ated with lipid droplets and plays a role in their forma-
tion.*’ Ploen and coworkers found a connection between
TIP47 and HCV particle release, and this finding was
mapped to the Rab9 binding domain of TIP47.>® They
concluded that the Rab9-TIP47 interaction was required
for correct TIP47 targeting, and that properly-targeted
TIP47 is required for viral release. Indeed, in the absence
of this interaction, the de novo synthesized particles
were directed to the autophagosome. Rab9 has thus been
implicated in late events for multiple enveloped viruses,
but a common mechanism has not been clearly
elucidated.

Rab proteins involved in late events
of the HIV-1 lifecycle

Multiple Rab protein-related pathways have been impli-
cated in the replication of HIV-1. The importance of
Rab-related pathways in late events of the HIV lifecycle
makes intuitive sense, as HIV assembly is intimately
linked to host vesicular trafficking pathways. In T lym-
phocytes, particle assembly occurs on specific plasma

membrane microdomains enriched in phospholipids
that are regulated by Rab-related trafficking.*"** In HIV-
1-infected human macrophages, viral particles accumu-
late in an intracellular compartment termed the virus-
containing compartment or VCC that is enriched in late
endosomal or multivesicular body markers such as CD9,
CD81, and CD63.%2** The nature of this compartment
as an assembly or holding compartment has been
debated, and dynamic tubular connections to the plasma
membrane demonstrated.*>** The HIV-1 envelope gly-
coprotein traverses the secretory pathway and utilizes
endocytic and recycling pathways to direct its incorpo-
ration into budding particles.49 Thus, numerous com-
partments in the cell that are themselves defined and
regulated by Rab proteins are intimately involved in the
late events of the HIV-1 lifecycle. A role for Rab9 in
HIV-1 egress has been mentioned above, and others
including Rab7a, Rab27a, Rabl4, and the Rab-related
adaptor protein Rab11-FIP1C will be discussed individu-
ally below.

Rab7a plays a role in HIV-1 envelope maturation
and particle egress

In addition to the suggestive role of Rab9 in late events of
the HIV-1 lifecycle discussed above, Rab7a has been
implicated in HIV-1 assembly and release. Caillet and
colleagues performed siRNA depletions of 8 individual
Rab proteins involved in endocytic and exocytic path-
ways and measured particle release and infectivity.”’
These investigators found in a multiple-round assay that
depletion of Rab4a, Rab8a, Rab9a, and Rablla resulted
in a moderate reduction of viral replication. Rab6a deple-
tion resulted in a more substantial reduction in HIV-1
replication. However, the most profound inhibition of
replication was observed following Rab7a knockdown.
The investigators then further pursued the role of Rab7a
in the HIV lifecycle, demonstrating that Rab7a knock-
down impaired cleavage of the envelope glycoprotein,
resulting in reduced infectivity of released particles. Fur-
thermore, Rab7a knockdown reduced particle release by
interfering with Vpu-induced degradation of the host
restriction factor tetherin.”® Thus, in this study multiple
Rab proteins were implicated in replication of HIV-1,
and Rab7a played a role in 2 distinct aspects of viral par-
ticle assembly and release.

Rab27a influences HIV-1 assembly through effects
on phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,)

The HIV-1 Pr55%*8 polyprotein directs the process of
HIV-1 particle assembly and forms the structural core of
the virus. Pr55%° is a myristoylated protein that interacts



with the inner leaflet of the plasma membrane.” > The
matrix (MA) region of Gag interacts specifically with
PtdIns(4,5)P,-enriched membranes through a patch of
basic residues on its surface and the exposed myristyl
group.*>>* Gerber and colleagues found that Rab27a reg-
ulates HIV-1 particle assembly through effects on pro-
duction of PtdIns(4,5)P, at the membrane.*! Silencing of
Rab27a was accompanied by reduced PtdIns(4,5)P, lev-
els at the PM of CD4+ T cells. Levels of phosphoinosi-
tide 4-phosphate, a PtdIns(4,5)P, precursor, were
reduced at the PM, and the mechanism was determined
to be reduced trafficking of late endosomes containing
PI4-kinase to the PM. Thus the effect on HIV assembly
was due to reduced Rab27a-directed trafficking of endo-
somes to the PM, reduced PI4-kinase activity, and
reduced membrane PtdIns(4,5)P, to interact with Gag.

The incorporation of HIV-1 envelope glycoprotein
complex (Env) into developing particles is dependent
upon Rab11-FIP1C and Rab14

The Rabll family interacting proteins (FIPs) were first
discovered by a yeast 2-hybrid screens using either domi-
nant active Rablla S20V or Rab4Q67L as bait.>>® The
Rab11-FIP family of adaptor proteins includes 5 family
members (reviewed in®”"%). Each family member fea-
tures a highly conserved 20 amino acid Rab binding

lathrin/AP-2-dependent
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domain (RBD) at its C-terminus. Rab11-FIP1, FIP2, and
FIP5 contain phospholipid binding C2-domains at their
N termini, while FIP3 and FIP4 possess ezrin-radixin-
moiesin (ERM) domains and 2 EF-hand domains. The
Rab11-FIPs serve as effectors of Rabl1 GTPases and reg-
ulate trafficking through recycling endosomes. Rabl1-
FIP1C (also known as Rab coupling protein, RCP) has
been implicated in endocytic sorting, trafficking of epi-
dermal growth factor receptor (EGFR) and endosome-
to-TGN transport.”>®’ Rabl11-FIP1C forms parallel
homodimers that bind to 2 members of the Rabll
GTPase subfamily (Rabl1a, Rab11b, Rab25), Rab4, or to
Rab14 through their RBD domains.””®*

The HIV-1 envelope glycoprotein complex (Env) is
translated as a gp160 precursor on the rough ER. Env
trimerizes in the ER, and is transported through the
golgi stacks. In the TGN a furin-like protease cleaves
gpl60 into its subunit gpl120 (SU) and gp4l (TM)
cleavage products. HIV-1 Env contains a 150 amino
acid cytoplasmic domain that includes numerous tyro-
sine- and dileucine-based motifs that are potential
interaction sites for host cell trafficking factors
(reviewed in®’). Although the long cytoplasmic tail is
dispensable for Env incorporation into particles in cer-
tain transformed cell lines such as HEK 293T cells, the
full length tail is required for particle incorporation in
T cell lines such as Jurkat and H9 cells and in primary

o
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Figure 3. Schematic representation of HIV-1 envelope trafficking and assembly. This pathway features a prominent role for Rab14 and
Rab11-FIP1C in directing the viral envelope to the plasma membrane site where the Gag lattice forms. Note that in a manner similar to
HSV-1 glycoprotein trafficking, the HIV envelope glycoprotein is transported from TGN-to-PM, followed by endocytosis to the endosomal
recycling compartment. From there, Rab11-FIP1C and Rab14 are required for outward sorting to the particle assembly site on the PM.
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T cells and macrophages.* One explanation for cell
type-dependent incorporation of HIV-1 Env is differ-
ential availability/expression of trafficking factors
required for particle incorporation. Consistent with
this idea, our laboratory found that Rabl1-FIP1C
depletion led to a loss of HIV-1 envelope glycoprotein
incorporation into developing particles.*” FIP1C
dependence was most prominent in certain T cell lines
(Jurkat, H9) and in primary cells. We then evaluated
which Rab GTPase was required for Env incorpo-
ration. Rab14 depletion led to a marked defect in Env
incorporation into HIV-1 particles, while depletion of
Rablla or 11b had little effect.*” The Rab14S25N
mutant that maintains a GDP-bound conformation
acted as a dominant-negative for Env incorporation,
supporting an important role for Rabl4 in concert
with Rab11-FIP1C in mediating Env trafficking to the
particle assembly site. From these data, we proposed
the Env trafficking model pictured in Figure 3.
According to this model, HIV-1 Env first traverses the
secretory pathway and reaches the cell surface. Env
trimers are then endocytosed by an interaction of the
membrane-proximal Yxx¢ motif of Env with the cla-
thrin adaptor AP-2 complex. Env subsequently reaches
the endosomal recycling compartment (ERC), where
subsequent outward sorting from tubular endosomes
occurs on vesicles bearing Rabl1-FIP1C and Rabl4.
This outward sorting event is required for particle
incorporation, potentially through delivery to a spe-
cialized microdomain on the PM where the HIV-1
Gag protein initiates particle formation.

The model of tail-dependent trafficking of HIV-1 Env
by a FIP1C-directed vesicular trafficking was further
explored by evaluation of Env cytoplasmic tail mutants.
GFP-tagged FIP1C moves out of the perinuclear ERC to
the cellular periphery upon expression of HIV-1 Env,
which provides a surrogate measure for its role in Env
interaction and trafficking. Using this outward move-
ment of GFP-FIP1C from the perinuclear ERC of HelLa
cells as a marker, we identified a mutation in a tyrosine-
based motif (YW,9sSL) that eliminated Rab11-FIP1C
redistribution.”® The YWosSL mutant reproduced the
cell type-specific defects in Env particle incorporation
observed with Env bearing a near complete tail trunca-
tion, suggesting that this motif plays an important role
in normal Env trafficking and incorporation. A second-
site revertant in the tail of Env (YW95SL; Lgs0S) restored
particle incorporation and dependence on Rab11-FIP1C,
suggesting that the loss-of-function had somehow elimi-
nated interaction with Rabl1-FIP1C. Together, these
studies demonstrate specific, directional transport of
HIV Env by Rab11-FIP1C and Rabl4 that is dependent
upon specific signals in the Env cytoplasmic tail. It is not

yet clear why HIV-1 has evolved to use such a complex
strategy involving the exocytic pathway, followed by
endocytosis, and subsequently by recycling to the PM to
achieve particle incorporation. As outlined previously,
the delivery of glycoproteins to the cell surface followed
by endocytosis and recycling is not unique to HIV, but is
a pathway very similar to that followed by HSV-1
glycoproteins.

Rab11-FIP2 and respiratory syncytial virus (RSV)
budding

Rab11-FIP2 is another member of the Rab11-FIPs that
has been implicated in late events in virus replication.
RSV is a negative-sense RNA virus belonging to the
Paramyxoviridae family, and is a leading cause of
serious lower respiratory tract infection in infants and
young children. RSV buds preferentially from the api-
cal surface of polarized epithelial cells, implicating the
apical recycling endosome (ARE). Remarkably, expres-
sion of a fragment of the myosin Vb tail that func-
tions as a dominant negative inhibitor of ARE sorting
in polarized Madin-Darby canine kidney (MDCK)
cells led to a >9000-fold reduction in viral yield.*®
Subsequent work demonstrated that expression of a
Rabl1-FIP2 protein lacking the N-terminal C2
domain also significantly diminished virus particle
yield.*” Scanning EM revealed long RSV filaments
attached to the cell surface in the presence of FIP2-
AC2, suggesting that viruses assembled on the plasma
membrane normally but lacked the cellular machinery
necessary for the fission process. The investigators
concluded that RSV is released from cells via an
ESCRT-independent mechanism that requires Rabl1-
FIP2.

Conclusions

It should not be surprising that viruses as obligate cel-
lular parasites should evolve to effectively utilize intra-
cellular trafficking pathways. The interactions
described here are clearly just examples of a much
more widespread phenomenon of viral interactions
with Rab-related proteins and Rab-regulated traffick-
ing pathways. Many viruses co-opt essential cellular
trafficking pathways to perform key steps in their life-
cycles, as illustrated by the numerous viruses that enter
cells via interactions with endocytic machinery. Rab
adaptor proteins add a layer of complexity to virus-
host trafficking interactions, such as the role of
RAbB11-FIPIC in directing HIV-1 Env trafficking and
particle incorporation. The specific interaction of viral
proteins with Rab proteins or Rab-related adaptors



represents a unique target for the development of anti-
viral therapies. New knowledge of viral interactions
with Rab GTPases is certain to arise in the future given
the central role of Rab proteins in regulating traffick-
ing events in the cell.
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