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1. ABSTRACT

Increasing evidence suggests that HIV-1 vira
protein R (Vpr) plays an important role in vira
pathogenesis, as its functions are being linked to vira
activation, suppression of human immune functions and
depletion of human CD4 lymphocytes, which are the major
clinicad manifestation of AIDS. In vitro, Vpr shows
multiple activities both in mammalian and yeast cells,
which include nuclear transport, induction of cell cycle G2
arrest, morphological changes and cell death. The
occurrence of these activities in yeast indicates that Vpr
interacts with highly conserved cellular processes to cause
these effects and allows Vpr activities to be studied in these
genetically well characterized organisms. Studies of Vpr in
fission yeast (Schizosaccharomyces pombe) and budding
yeast (Saccharomyces cerevisiae) have helped to establish
these major conclusions. 1) Vpr induces G2 arrest through
inhibitory phosphorylation of the cyclin-dependent kinase
by a pathway in which protein phosphatase 2A plays an
important role. 2) Vpr fulfills its essential role in the
nuclear transport of the viral pre-integration complex by
binding to a novel site on importin a. 3) Vpr induces
apoptosis by directly permeabilizing the mitochondrial
membrane.  4) Vpr adso appears to kill cells by
mitochondrial-independent mechanisms. 5) G2 arrest and
cell death induced by Vpr are two independent functions,
and 6) amino acid residues of Vpr at position 29, 33 and 71
are important sites for maintaining the overall structure of
Vpr. Future studies of Vpr in yeast are expected to make
additional contributions to understanding the mechanisms
of Vpr activities and may also help address the importance
of these activities during the course of a HIV-1 infection.
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2. INTRODUCTION

Protein R (Vpr) of human immunodeficiency
virus type 1 (HIV-1) is a virion-associated vira gene
product with an average length of 96 amino acids, and a
molecular weight of approximately 15 kD. Vpr is a highly
conserved viral  protein among HIV, simian
immunodeficiency viruses (SIV) and other lentiviruses (1,
2), suggesting an important function or functions for this
protein. Increasing evidence suggests that HIV-1 Vpr plays
a pivota role in vira pathogenesis, as its functions are
being linked to viral activation (3), suppression of immune
functions (4), and depletion of CD4 lymphocytes (5).
Studies on chimpanzees and an accidentally infected
laboratory worker demonstrated that Vpr is required in vivo
for vira pathogenesis as the mutant vpr gene in the virus
initiating the infection inevitably reverted back to the wild-

type Vpr (6).

Somewhat surprisingly for a small protein of 96
aa, in vitro studies indicate that Vpr has multiple activities.
These activities include nuclear transport of the viral pre-
integration complex (PIC) (7), induction of cell
differentiation and cytopathic effects (8), cell cycle G2
arrest (9), and cell killing (5). The essential role of Vpr in
the transport of the viral PIC into the nucleus is required for
effective infection of non-dividing cells such as monocytes
and macrophages (7, 10, 11). The nuclear transport
property of Vpr appears to be highly conserved since Vpr
localizes onto the nuclear envelope in a variety of
eukaryotic organisms including not only mammalian but
budding and fission yeast cells (11-13). Vpr blocks cell
cycle progression by arresting cells in the G2 phase of the
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Table 1. Homologues of yeast and human proteins that are related to HIV-1 Vpr activities.

Fission Yeast (S. pombe)

Budding Yeast (S. cerevisiae)

Protein functions and
Comments

Human (H. sapiens)

Céll cycle G2/M control

Cdc2 CDC28p CDK1 Cyclin B-dependent kinase

Weel WEE1p WEE1 Tyrosine kinase

Cdc25 CDC25p CDC25C Tyrosine phosphatase

PP2A PP2A PP2A Protein phosphatase 2A

DNA damage and replication checkpoints

Radl RAD17p Hradl Nuclease

Rad3 ESR1 (MECVUSAD3) ATR Caffeine-sensitive, DNA-
activated protein kinase

Rad9 Hrad9 3'-5' Exonuclease

Rad17 RAD24p Hradl7 Unknown (activates p53)

Rad24/25 BMH1p/2p 14-3-3 Nuclear export (Bindsto
phosphorylated Cdc25)

Husl Hhusl A PCNA-related protein

Chk1 CHK1 CHK1 Kinase

Cdsl RAD53p CHK?2 Kinase

Nuclear transport

SpSrpl  /Cutl5 Srplp HSrpl/Qipl/Rchl importin a

Vpr-binding proteins

Rhp23* Rad23** HHR23A/B Excision DNA repair
enzyme

Spungl* UNG1** UDG Uracil-N-glycosylase

Note: “---“, not found; “*”, our unpublished data. “**”, interaction with VV pr has not yet been established.

cell cycle in both mammalian and fission yeast cells (9, 14-
16), indicating another highly conserved function of Vpr.
The G2 arrest induced by Vpr is thought to suppress
immune functions by preventing T cell clona expansion (4,
5) and providing an optimized cellular environment for
maximal levels of vira replication (6). The cytopathic
effects of Vpr were first described by Levy et al. (3).
Expression of Vpr in a rhabdomyosarcoma cell line
induced cell differentiation, as characterized by gross
enlargement and altered morphology. Consistent with
these observations, Vpr altered cell morphology in
numerous other mammalian cell lines and yeast cells (14,
17-20). A fourth activity of Vpr is cell killing which may
contribute to CD4 T-cell depletion in HIV-infected patients
(5). This cdl killing activity of Vpr is also highly
conserved as it extends to all cells tested including human
and yeast (14, 18, 20).

These four activities of Vpr are thus highly
conserved since they are observed in cells over a large
evolutionary distance ranging from human to yeast. This
functional conservation indicates that Vpr most likely
causes these effects by interacting with highly conserved
cellular processes and provides the opportunity to study
these Vpr activities in fission yeast (Schizosaccharomyces
pombe) and budding yeast (Saccharomyces cerevisiae).
Both of these unicellular eukaryotes with their ease of
genetic analysis and small, completely sequenced genomes
have been favorite model systems for basic processes of
eukaryotic cells (for reviews see 21-24).

In this review, we will first summarize the
current models for nuclear localization and induction of G2
arrest, where much of the models are based on studies in
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yeast, and of apoptosis where yeast studies are providing
insights into the early steps of this process. We will then
describe developing ideas about how Vpr interacts with
these cellular processes and the contributions that studiesin
yeast are making to understanding Vpr activities.

3.CELL CYCLE G2 ARREST

3.1. Conservation of checkpointsfor G2 arrest

Control of the cell cycle is one of the best
examples of how studies in yeast can provide the basis for
understanding the equivalent process in higher eukaryotic
cells (25). The conservation of cell cycle controls between
human and S pombe has been clearly demonstrated by
identification of human cognates for most of the S. pombe
mutants in the G2 control pathways (Table 1). figure 1A
shows a major pathway for the control of the G2 to M
transition in fission yeast and human cells (23, 26). The
cyclin-dependent kinase is inhibited by phosphorylation of
Tyrl5 for Cdc2 in fission yeast and Thrl4 and Tyr15 for
Cdkl1 in human cells. These sites are phosphorylated by
the Weel kinase during late G2 and are rapidly
dephosphorylated by the Cdc25 phosphatase to trigger
entry into mitosis. The G2 to M transition of budding yeast
is regulated differently since inhibitory phosphorylation of
the cyclin-dependent kinase Cdc28 of budding yeast does
not play a mgjor role in this transition (27, 28). Thus,
fission yeast, but not budding yeast, is a suitable model
system for studying G2 controls operating through
inhibitory phosphorylation of the cyclin-dependent kinases.

Studies of DNA damage and DNA replication
checkpoints illustrate how useful fission yeast is as a model
system for G2 controls (23). DNA damage by radiation or
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Fgure 1. Cell cycel G2 controls. (A) DNA damage and DNA replication checkpoint pathways. (B) Working model for Vpr-

induced G2 arrest in fission yeast.

inhibition of DNA synthesis by hydroxyurea lead to G2
arrest in fission yeast. These two checkpoints both function
by increasing the inhibitory phosphorylation of Tyrl5 on
Cdc2, and a strain with mutant Cdc2 changing Tyr15 to a
nonphosphorylable Phe does not arrest in G2 in response to
DNA damage or inhibition of DNA replication (29, 30).
The pathway for the checkpoints shown in figure 1A is
based on extensive genetic and biochemical analysis of
fission yeast (23). The early genes in both checkpoint
pathways, which include radl, rad3, rad9, radl7, rad26
and husl, are thought to detect the DNA damage or
incomplete DNA synthesis and lead to the phosphorylation
of the Chk1 or Cdsl kinases (31, 32). The activated Chk1
or Cdsl kinase then directly phosphorylates the Cdc25
phosphatase (33, 34). The phosphorylated Cdc25 binds the
Rad24 protein, and this complex is transported out of the
nucleus to render Cdc25 inactive (35). These checkpoint
pathways defined in fission yeast also apply in all major
aspects to human cells where inhibitory phosphorylation of
Cdkl is essential for the checkpoints, and human
homologues having been identified for all of major fission
yeast genes in the pathways including the Chk1 and Cdsl
kinases (23, 36, 37) (Table 1).

3.2. Vpr-induced G2 arrest through a PP2A-dependent
pathway

Vpr induces G2 arrest through inhibitory
phosphorylation of Cdc2/Cdk1 both in human and fission
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yeast cells.  Three main lines of evidence support this
conclusion. 1) Vpr induces hyperphosphorylation of
Cdc2/Cdkl (14, 38, 39). 2) Expression of

nonphosphorylatable Cdc2/Cdk1l mutants, A14T F15Y of
Cdk1 and F15Y of Cdc2, prevents Vpr-induced G2 arrest
(38, 40). 3) Overexpression of the Cdc25 phosphatase
reduces Vpr-induced G2 arrest (45; Elder et al., submitted).
Consistent with the essential role of inhibitory
phosphorylation of Cdc2/Cdkl1 in Vpr-induced G2 arrest,
Vpr does not induce G2 arrest in budding yeast where
inhibitory phosphorylation does not control the G2 to M
transition (27, 28, 41). Since Vpr induces G2 arrest
through inhibitory phosphorylation of Cdc2/Cdkl both in
human and fission yeast cells, fission yeast is an excellent
model system to elucidate the underlying mechanisms for
Vpr-induced G2 arrest.

Given that the DNA checkpoints and Vpr both
induce G2 arrest through inhibitory phosphorylation of
Cdc2/Cdkl, Vpr might induce G2 arrest through a
checkpoint pathway. This possibility has been thoroughly
evaluated in fission yeast by expressing vpr in mutant
fission yeast strains defective in early and late steps of the
checkpoint pathways. None of the early checkpoint-
specific mutants (radl, rad3, rad9 and radl?7) have a
significant effect on the induction of G2 arrest by Vpr (40).
Furthermore, mutations in both chkl and cdsl, which are
thought to be the last steps specific for the checkpaint (33,
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42, 43), also do not block Vpr-induced G2 arrest (Elder et
al., submitted; 44). Therefore, Vpr does not use the
checkpoint pathways to induce G2 arrest in fission yeast.

More limited data in human cells tend to support
the conclusion that Vpr does not induce G2 arrest through
the checkpoints pathways. Vpr still induced G2 arrest in
cells from patients with ataxia telangiectasia (AT) (45).
These AT cells are mutant for the human homologue of
fission yeast Rad3 and do not arrest in G2 in response to
DNA damage (36, 46). Thus, Vpr does not use this early
part of the DNA damage checkpoint to induce G2 arrest in
human cells. However, Poon et al. (105) have suggested
that Vpr does induce G2 arrest through the DNA damage
checkpoint in human cells based primarily on studies with
pentoxifylline (PTX), a methyl xanthine. PTX prevents G2
arrest after DNA damage (47), and Poon et al. (105) found
that PTX also inhibits Vpr-induced G2 arrest. PTX aso
inhibits Vpr effects including G2 arrest in fission yeast (20,
Elder et al., submitted). However, since PTX inhibits Vpr-
induced G2 arrest in fission yeast where the DNA damage
checkpoint apparently plays no role, PTX inhibition alone
is not strong evidence that the DNA damage checkpoint has
arolein Vpr-induced G2 arrest.

Since Vpr does not appear to use the checkpoint
pathways in fission yeast or human cells, what pathway
does Vpr use to induce G2 arrest? A clue comes from
studies with okadaic acid (OA), a potent inhibitior of
protein phosphatase 2A (PP2A) (48, 49). Both in fission
yeast and human cells, OA inhibits the induction of G2
arrest by Vpr (14, 39). Thisfurther similarity between Vpr-
induced G2 arrest in fission yeast and human cells suggests
that Vpr induces G2 arrest by activating PP2A. This
possibility is supported by the observation that PP2A is
known to play a role in cell cycle control both in fission
yeast and higher eukaryotes (49, 50). Further evidence that
PP2A has arole in Vpr-induced G2 arrest comes from the
finding that mutations in genes (ppa2 and pabl) coding for
the catalytic and regulatory subunits of the fission yeast
PP2A partially blocked Vpr-induced G2 arrest (44; Elder et
al., submitted). Furthermore, an elevated PP2A protein
level was observed in cell extracts isolated from the vpr-
expressing cells, confirming that Vpr up-regulates PP2A in
fission yeast cells (Elder et a., submitted). Recently,
Hrimech et al. (106) have presented evidence that Vpr
activates PP2A in human cells. Thus, activation of PP2A
plays a mgjor role in Vpr-induced G2 arrest both in fission
yeast and human cells.

PP2A is thought to affect the cell cycle by acting on
the Weel and Mikl kinases and the Cdc25 phosphatase
which control phosphorylation of Tyrl5 (49, 50). Infission
yeast, expression of vpr in strains with mutations in these
genes suggests that Vpr inhibits Cdc2 predominantly by
activation of Weel with inhibition of Cdc25 playing a
minor role. A working model for the novel regulatory
pathway(s) that Vpr uses to induce G2 arrest in fission
yeast is shown in figure 1B. Expression of vpr cells
activates PP2A activity either by direct association with the
PP2A enzyme complex or by association with an
intermediate protein(s) X. A protein phosphorylation
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cascade (depicted as “?") including PP2A is probably
ultimately responsible for activation of the mitotic
repressor Weel by adtering its phosphorylation levels,
which in turn inhibits Cdc2 by Tyrl5 phosphorylation.
While Weel plays the mgjor role in the induction of G2
arrest by Vpr, Cdc25 appears to play a minor role and to be
inhibited by this proposed regulatory pathway. Although
PP2A is a mgjor part of this proposed regulatory pathway,
it is not yet known whether PP2A is completely or only
partially responsible for Vpr-induced G2 arrest. Other
protein kinases and phosphatase may also be regulated by
Vpr toinduce G2 arrest in fission yeast.

4. NUCLEAR LOCALIZATION

4.1. Importin a pathway for classical nuclear
localization sequences (cNLS)

Figure 2A shows the model for nuclear transport
of proteins containing a classical nuclear localization
sequence (cNLS) (51, 52). The cNLSisashort amino acid
region rich in Lys which binds to the adaptor protein
importin a. The complex of cNLS-importin a then binds
to the receptor importin b through the importin b-binding
(IBB) region on importin a. Importin b interacts with
components of the nuclear pore complex (NPC) as an
essential part of the nuclear trandocation process. The
NPC is a large structure composed of 50 to 100 proteins
caled nucleoporins, which contains a central 10 nm
aqueous channel through which proteins are actively
transported. Once the cNLS-importin-a-importin b
complex has been transported through the nuclear pore,
RanGTP insures the directionality of the process. Only the
nucleus has a high concentration of RanGTP, and binding
of RanGTP to cNLS-importin a-importin b dissembles the
complex and releases the protein carrying the cNLS into
the nucleus. Importin a and importin b-RanGTP are then
exported out of the nucleus to be reused in another round of
nuclear transport. This model for cNLS translocation is
partially based on work done in budding yeast, and the high
degree of conservation is demonstrated by functional
complementation of many budding yeast mutants in nuclear
transport by human homologues (53).

4.2. Role of Vpr in nuclear transport

Nuclear localization of Vpr turns out to use a
modification of the importin a pathway (reviewed in 54,
55). Most studies have reported that V pr expressed without
other viral proteins localizes predominantly to the nuclear
envelope in human, fission yeast and budding yeast (11-
13). Others have reported that Vpr localizes throughout the
nucleus or to the mitochondria as described below. It was
initially suggested from in vitro assays that Vpr did not use
the importin a pathway since addition of excess cNLS did
not inhibit the nuclear localization of Vpr (56, 57).
However, further studies showed that Vpr does bhind to
importin a both from human and budding yeast, but the
binding site is different from the binding site for cNLS
(figure 2B) (11, 58, 59). Vpr aso binds to nucleoporins,
and based on this interaction (11) suggested that Vpr might
function directly as areceptor for nuclear transport in place
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Fgure 2. Nuclear localization. (A) Nuclear targeting of a
cNLS. (B) Nuclear targeting of Vpr.

of importin b. However, Popov et al. (59) showed that
importin b was necessary for nuclear localization of Vpr
and that importin a, importin b, cNLS and Vpr form a
ternary complex. Thus, the model (figure 2B) best
supported by the evidence at present is that Vpr binds to a
previously unknown site on importin a, and this complex
in turn binds to importin b which serves as the receptor for
transport through the nuclear pore. The effect of Ran-GTP
binding to importin b on the ternary complex has not been
reported and it is not understood why Vpr is frequently
observed to be at the nuclear envel ope athough this may be
related to the binding of Vpr to nucleoporins (11, 60). One
study found Vpr to be at the inside of the nuclear envelope
suggesting that Vpr is transported through the pore but then
stops at the inside of the nuclear pore rather than being
released into the nucleus (11).

In the nuclear transport of the vira pre-
integration complex (PIC), Vpr appears to assist transport
by cNLS rather than functioning as an independent nuclear
transport factor. There has been disagreement over the role
and identity of cNL S in the nuclear transport of PIC, and at
least one reason for this disagreement is the presence of
two cNLS in the matrix protein (MA) (61). Deletion of
either MA cNLS does not prevent nuclear translocation of
PIC in macrophage cells (62, 63), but when both are
deleted, nuclear transport of the PIC no longer occurs even
when Vpr is present (61). Thus, Vpr does not function as
an independent nuclear transport factor. However, when
one or both MA cNLS are present in the PIC, nuclear
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transport occurs efficiently only when Vpr is present (10,
11, 58, 59) so Vpr plays an essentia role in the nuclear
transport of PIC. Vpr increases the binding of the MA
cNLSs to importin a (58), and this increased affinity may
be at least part of Vpr's role in nuclear transport. In
general, the major role of Vpr may be in the nuclear import
of usually large complexes since either MA cNLS when
coupled as multiple copies to serum abumin gives
transport into the nucleus without Vpr. However, the much
larger viral PIC, which has multiple copies of both MA
cNLS, is transported into the nucleus only when Vpr is
present (54, 58, 61).

One interesting implication of a conserved Vpr-
binding site present both on human and budding yeast
importin a is that this binding site plays some important
cellular function in nuclear transport and that a cellular
protein binds to this site. Agostini et al. (64) have recently
identified this cellular protein as Hsp70, a highly conserved
heat shock protein, which competes with Vpr for binding to
importin a. Hsp70 can in fact replace Vpr in the nuclear
transport of PIC and similar to Vpr aso strengthens the
binding of MA cNLSto importin a (64). One cdlular role
of this Vpr/Hsp70 binding site thus appears to be in
strengthening the interaction of aweak cNLS with importin
a. The requirement for Vpr in the transport of the large
PIC also suggests that this binding site on importin a might
be required for efficient transocation of large complexes
through the nuclear pore.

5.CELL KILLING

5.1. Role of mitochondria in apoptosis

It is becoming clear that mitochondria play a
central role in the induction of apoptosis under many
conditions where stress is placed on a mammalian cell (65,
66). Mitochondrial membrane permeabilization (MMP) by
a variety of agents leads to the release of factors which
initiate the apoptotic process (figure 3A), and cytochrome ¢
is one of the principal apoptotic factors. When cytochrome
c is released from the mitochondria, it combines with
apoptosis-associated factor (APAF) in the cytoplasm to
activate caspase 3 which in turn activates other caspases.
These cysteine proteases are the downstream effectors of
apoptosis which are responsible for some of the
characteristics of the apoptotic cell. However, some
aspects of apoptosis are caspase independent, and caspase
inhibitors do not always prevent cell death after induction
of apoptosis athough these inhibitors may maodify the
apoptotic process (65, 66). One clear example of a
caspase-independent activity is the apoptosis-inducing
factor (AIF) (figure 3A). Like cytochrome c, this proteinis
also released from its normal location between the inner
and outer mitochondrial membranes by apoptosis-inducing
agents. However, unlike cytochrome c, caspases have no
role in AIF activity, and after being released from the
mitochondria, AIF moves to the nucleus where it induces
one of the early characteristics of apoptosis, condensation
of the chromatin at the periphery of the nucleus (67, 68).
Thus, in many instances apoptosis is initiated in
mammalian cells by factors
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Fgure 3. Induction of apoptosis. (A) Role of mitochondria
in initiating apoptosis. A number of apoptosis-inducing
agents, for example BAX, act by permeabilizing the
mitochondrial membrane to release factors which initiate
apoptosis. (B) Cell killing by Vpr. One effect of Vpr isto
permeablize the mitochondrial membranes by binding to
ANT of the PTPC leading to apoptosis (84). There aso
appears to be a mitochondria-independent mechanism for
cell killing by Vpr which acts by disruption of the
cytoskeleton (14, 20, 41).

released from the mitochondria with both caspase
dependent and independent steps downstream.

Even though yeast do not have caspases, they do
undergo a process with some similarities to the apoptosis of
mammalian cells, and this process is probably a simpler
precursor to the more complex apoptotic process which
evolved in mammalian cells (69-71). This apoptotic
process in yeast is also initiated through MMP, and yeast
are therefore being used as modd systems for the
mitochondrial dependent but capase-independent aspects of
apoptosis. Much of the evidence supporting the existence
of an apoptotic process in yeast comes from the study of
mammalian proapoptic proteins expressed in yeast
including Vpr which is discussed below. For example,
three proapoptic proteins (Bak, Bax, and Ced4) which
induce apoptosis in mammalian cells or nematodes also
induce death in fission and budding yeast cells (72-75).
Not only do these proapoptic proteins kill yeast, they also
induce chromatin condensation, one of the nuclear changes
characterigtic of apoptosis in mammalian cdlls (76). Further
similarities between the cdl killing by Bax are that Bcl-2 and
BI-1 inhibit the induction of apoptois by Bax both in yeast and
mammalian cdlls (72, 73, 75). Thefirst step in apoptosisis the
aso the same since Bax causes MMP to initiate cell killing
both in mammalian and yeast cells. It has recently been
reported that acidification of the cytosol by the H+ released
from the mitochondria is important to the induction of
apoptosis both in budding yeast and mammalian cels (77).
Thus, yeast provides agood model system for studying therole
of MMP in apoptosis.

5.2. Mitochondrial-dependent cell killing by Vpr
Most studies have reported that Vpr induces
apoptosis in human cells (5, 78-81). Vpr expression thus
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leads to Annexin V binding (5), one of the early markers of
apoptosis, and caspase inhibitors reduce the extent of cell
killing by Vpr indicating that Vpr activates these
downstream effectors of apoptosis (79, 80). However,
there have been two reports that Vpr does not induce
apoptosis but in fact functions as an inhibitor of apoptosis
(82, 83). Both of these studies used stable transfectants
constitutively expressing vpr at low levels, and the different
results of these two studies may be related to the low level
expression or to the selection of mutant cells resistant to
apoptosis during the selection of stable transfectants. The
five studies reporting induction of apoptosis expressed vpr
at high levels, and it thus appears that these high levels of
Vpr induce apoptosis in human cells.

Vpr aso kills both budding and fission yeast, and
the yeast cells show some of the characteristics expected
for apoptotic cells (14, 18, 20). One strong similarity
between fission yeast cells dying after expression of vpr is
condensation of the chromatin around the periphery of the
nucleus which is also seen at early stages of apoptosis in
mammalian cells (20, 76). Purified AIF aone is capable of
inducing chromatin condensation around the nuclear
periphery in mammalian cells (67), and there is a conserved
homologue of AlF in fission yeast (70). It isan interesting
possibility that Vpr induces periphera chromatin
condensation through this fission yeast homologue of AlF.

With Vpr killing both human and yeast cells
through an apoptotic process, it seemed likely that Vpr
might be acting through the mitochondria by MMP. The
first direct evidence for a mitochondrial role came from
budding yeast. Macreadie et al. (1997) found that
expression of vpr at intermediate levels did not kill budding
yeast but did prevent growth on nonfermentable carbon
sources such as glycerol. Yeast with mitochondria unable
to carry out oxidative phosphorylation can grow on
glucose, but are unable to grow on nonfermentable carbon
sources so this finding indicated that vpr expressed at
intermediate levels inactivated yeast mitochondria.

Jacotot et al. (84) have recently presented
evidence strongly supporting the role of MMP in cell
killing by Vpr both in human and yeast cells. Addition of
extracellular Vpr to human cells or isolated mitochondria
was shown to permeablize the mitochondria as indicated by
measurements such as decreased membrane potential and
the release of cytochrome ¢ and AIF. The importance of
this MMP to the induction of apoptosis was shown by
inhibitors of MMP, such as Bcl-2, which reduced MMP
and apoptosis. The mgor target for Vpr in the
mitochondrial membrane is the permeability transition pore
complex (PTPC) of which the two major components are
ANT (adenine nucleotide translocator) and VADC
(voltage-dependent anion channel), and Vpr was shown to
bind specifically to ANT. Experiments in budding yeast
provide further support for Vpr inducing cell death through
MMP by interaction with PTPC. Externally added Vpr aso
kills budding yeast and the same region of Vpr is required
to kill both yeast and mammalian cells. Mutant yeast
strains deficient in ANT or VDAC showed reduced cell
killing, and transformation with yeast ANT or human
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VDAC restored the level of cel killing. Thus, MMP
through interaction with the PTPC appears to be a major
mechanism for cell killing by Vpr both in mammalian and
yeast cdlls.

5.3. Mitochondrial-independent cell killing by Vpr

Although accumulating evidence indicates that
MMP plays arolein cell killing by Vpr in mammalian and
yeast cells, there are a number of reasons to think that there
may be other mechanism(s) by which Vpr kills cells. First,
Vpr seems to induce more cell death in human cells than
can be accounted for by apoptosis alone (78). Second, as
discussed below Vpr induces morphological changes which
by themselves would seem to be lethal to the cell, and these
morphological abnormalities not related in any known way
to MMP. Third, the regions of Vpr required for MMP are
sometimes different from the regions required for cell
killing. For example, the studies on MMP showed that a
peptide containing amino acids 52 to 96 of Vpr was
sufficient to induce MMP and cell death when added to
cells (84). However, while expression of wild-type vpr
kills yeast, a vpr gene with a F34l mutation outside of this
region did not kill either budding or fission yeast (12, 41).
Fourth, most studies have reported that Vpr localizes to the
nucleus (85-89) or nuclear envelope (11, 13, 60, 90, 91) in
most cells raising the question of whether sufficient Vpr is
present at the mitochondria to permeablize the membrane.
Some studies have reported weak cytoplasmic labeling (13,
87) and Jacotot et al. (84) did demonstrate localization of
Vpr to the mitochondria in a minority of cells. However,
the persistence of different reported localization for Vpr,
ranging from throughout the nucleus, to the nuclear
envelope or to the mitochondria, strongly suggests that
localization of Vpr is variable and depends on factors
which remain to be clearly defined. Conditions which
direct Vpr preferentially to the mitochondria would
emphasize cell killing by MMP whereas conditions
minimizing localization to the mitochondria would
emphasize mitochondrial-independent pathways for cell
killing.

These and other observations support the
existence of cell killing by Vpr though mechanisms other
than MMP, and these mitochondrial-independent pathways
for cell killing by Vpr seem likely to involve the
morphological changes induced by Vpr. Expression of
HIV-1 Vpr causes cytopathic effects, as characterized by
gross enlargement and altered cell morphology in a number
of mammalian cell lines (8, 17, 92). These Vpr-induced
morphological changes appear to be a highly conserved
process as budding and fission yeast cells also changed
morphology and became grossly enlarged when the vpr
gene is expressed (14, 18). Further characterization
indicated that alterations of cell wall biosynthesis and
disruption of the F-actin cytoskeleton structure are some of
the underlying causes of these morphological changes in
yeast (20, 41).

One severe cellular abnormality induced by Vpr
in fission yeast is altered chitin accumulation. In normal
cells chitin is an essential element of yeast cell walls (93),
and during cytokinesis, the septum that forms between the
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two new daughter cells has a large amount of chitin (94).
After expression of vpr, one abnormality is that large
amounts of chitin are deposited adjacent to irregular
protruding structures that form on the cells (20). A second
abnormality in chitin deposition is that multiple septa form
in a single cell without nuclear division. Although the
functional relevance of this particular effect to mammalian
cells is a present unclear since mammalian cells do not
have cell walls, this intriguing phenotype suggests that
expression of vpr separates nuclear division and cytokinesis
in fission yeast.

Vpr aso disrupts the actin cytoskeleton in both
budding and fission yeast (20, 41). The actin cytoskeleton
in normal yeast cells directs growth of the cell, and
reorganizations of the cytoskeleton are essential for the
changes in cell growth during the cell cycle. For example,
formation of an actin ring at the center of fission cells
during mitosis is believed to direct where the septum will
form (95, 96). Upon expression of vpr, these defined
cytoskeletal structures are replaced by randomly oriented
F-actin distributions. As the actin cytoskeleton is essential
for viability of yeast (97), these severe disruptions would
be expected to kill the cell independently of other effects of
Vpr. The importance of this cytoskeletal disruption to cell
killing by Vpr is strongly supported by the characteristics
of a suppressor. Overexpression of the heat shock gene
hsp42 gene restores the norma actin cytoskeleton and
eliminates cell killing by Vpr in budding yeast (41). This
gene aso stabilizes the actin cytoskeleton during heat
shock suggesting that Hsp42 suppresses Vpr killing by
directly acting on the F-actin cytoskeleton. Since there is
no obvious connection to the mitochondria in disruption of
the cytoskeleton by Vpr or in its suppression by Hsp42, it
appears that this mechanism of cell killing is independent
of MMP.

6. STRUCTURAL REQUIREMENTS  AND
INDEPENDENCE OF VPRACTIVITIES

Studies of Vpr mutants have allowed
correlations of activities with Vpr structure and suggested
that some Vpr activities are independent of each other. A
tertiary structure of Vpr proposed on the basis of NMR
consists of a a helix-turn-a helix domain in the amino half
from amino acids 17 to 46 and a long a- helix from aa 53
to 78 in the carboxy half (98, 99). These two main
structural features of Vpr in the amino and carboxyl half
are likely to interact with each other (99, 100). Early
mutagenesis studies in mammalian cells suggested that the
N-terminal a-helix-turn-a-helix is primarily responsible for
nuclear localization of Vpr (85, 87, 90). The C-termina end
of Vpr, on the other hand, is responsible for the G2 arrest
induced by Vpr (19, 85, 101). Consistent with the findings
in mammalian cells, studies with a panel of Vpr mutations
showed that the functional domains of G2 arrest and
nuclear localization also mapped in fission yeast primarily
to the C-terminal and the N-termina halves of Vpr,
respectively, (12). These structural requirements for G2
arrest and nuclear localization indicate that these two
functions are independent both in mammalian and fission
yeast cells (11, 12, 102).
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The relationship between cell killing and other
Vpr functions are less clear partly because there may be
multiple mechanisms of cell killing by Vpr. For externaly
added peptides, the carboxyl half of Vpr was sufficient for
killing (84). While this region is thought to be required for
G2 arrest, studies in budding yeast localized this killing
domain for externally added peptides to a region smaller
than that required for G2 arrest (18, 103). Thus, this type
of cell killing, presumably through MMP, does not require
G2 arrest. However, studies in mammalian cells with
expressed vpr have suggested that G2 arrest is required for
killing by Vpr (5). Studiesin fission yeast clearly indicate
that G2 arrest is independent of cell killing based on studies
with mutations in Vpr and Cdc2. Mutations in Vpr often
had opposite effects on G2 arrest and cell killing in wild
type fission yeast cells (12). One example is the F34l
mutation which nearly eliminates cell killing but has no
significant effect on the levels of G2 arrest. Further
support for the independence of G2 and cell death comes
from studies of the Y15F Cdc2 mutation in fission yeast
(40). In the Y15F strain, where Vpr-induced G2 arrest is
completely abolished, Vpr still induces cell killing.

One striking finding from the mutagenesis studies
in fission yeast was that a single amino acid substitution at
amino acid 33 (H33R) or 71 (H71R) could interrupt al
three Vpr functions of G2 arrest, nuclear localization and
cell killing (12). A point mutation E29G, which was
isolated from a natural occurring virus, also affected al
three activities of Vpr (Zhao et a. submitted).
Interestingly, these single amino acid substitutions are
present near the turn at amino acids 30-34 between the two
amino terminal a helices or near the end of carboxy
termina a-helix (98, 99), suggesting that these regions
maybe important in maintaining the overall tertiary
structure required for all Vpr activities. These sites may
represent useful targets in the future design of anti-Vpr
therapies.

7. SUMMARY AND FUTURE PROSPECTS

Yeast is proving to be an excellent model system
for studying Vpr activities. By in large, Vpr has very
similar activities in yeast in comparison to human cells
with respect to nuclear localization, cell cycle G2 arrest,
morphological changes and cell death. Not only does Vpr
have these activities in yeast, but there are additional
similarities between the activities in yeast and human cells.
For example, consistent with the findings in human cells,
Vpr-induced G2 arrest correlates with inactivation of Cdc2
through increased inhibitory phosphorylation of Tyrl5 on
Cdc2. Theregions of Vpr required for nuclear localization
and G2 arrest are aso quite similar between human and
fission yeast cells. These numerous similarities justify
studying the mechanisms of Vpr activitiesin yeast.

Work in yeast has thus far contributed to a
number of important findings about Vpr activities. These
include (1) Vpr induces cell cycle G2 arrest by going
through a novel regulatory pathway, which includes a
PP2A-mediated cellular mechanism, (2) Vpr plays its role
in nuclear transport by binding to importin a a a
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previously unknown site, (3) MMP by Vpr is a major
pathway for cell killing by Vpr, (4) Vpr disrupts the F-actin
cytoskeleton which may be a second mechanism for cell
killing by Vpr, (5) G2 arrest and cell death induced by Vpr
are two independent functions in fission yeast and (6) a
single amino acid substitution at E29G, H33R or H71R
inacitvates three of the Vpr activities suggesting that these
positions are important sites for maintaining the overall
structure of Vpr. Given the powerful genetics technologies
available in yeast, future work in yeast is likely to provide
considerable additional insight into the molecular
mechanisms of Vpr activities.

In addition to studies of mechanisms, yeast may also
be useful in addressing the role of Vpr activities in viral
infection and pathogenesis. Since Vpr displays multiple
activities, a critical question is whether al of these
activities are of equal importance to viral pathogenesis
during the natural course of a HIV infection. Attempting to
correlate Vpr activities with disease progression will
require cloning the different vpr genes in a patient vira
population and measuring their activities. Because of the
simplicity of the yeast system and the similarity of Vpr
activities in human and yeast cells, fission yeast provides
an ideal system for this purpose. To this end, a new fission
yeast expression vector system has been developed for
rapid screening of Vpr activities (104). This rapid Vpr
functional screening system provides an unique opportunity
to directly address the relevance of Vpr functions to
pathogenesis in HIV-infected patients. An early result from
this screening system is that functionaly defective vpr
genes are frequently found in two HIV infected patients
who did not progress to AIDS for over 10 years. In
contrast, vpr genes from patients who rapidly progressed to
AIDS were dl fully active (Zhao et a., submitted). Thus,
studies in yeast may provide insight not only into the
mechanisms of Vpr activities but also into the role of these
activitiesin viral infection and pathogenesis.

4. ACKNOWLEDGEMENT

The research in this laboratory was supported in
part by grants from Chicago Pediatric Faculty Foundation,
John Lloyd Foundation, Chicago Medical Research Junior
Council, lllinois Department of Public Health and National
Institute of Health (Y Z).

5. RFERENCES

1. Tristem, M., Purvis, A. & Quicke, D.L: Complex
evolutionary history of primate lentiviral vpr genes. Virol
240, 232-237 (1998)

2. Tristem, M., Marshdl, C., Karpas, A. & Hill, F:
Evolution of the primate lentiviruses: evidence from vpx
and vpr. EMBO J 11, 3405-3412 (1992)

3. Levy, D.N., Refadli, Y., MacGregor, R.R. & Weiner,
D.B: Serum Vpr regulates productive infection and latency
of human immunodeficiency virus type 1. Proc Nat Acad
Sci USA 91, 10873-10877 (1994)

4. Poon, B., Grovit-Ferbas, K., Stewart, SA. & Chen,
1.S.)Y: Cdl cycle arrest by Vpr in HIV-1 virions and



HIV-1Vpr in Yeast

insensitivity to antiretroviral agents. Science 281, 266-269
(1998)

5. Stewart, SA., Poon, B., Jowett, JB. & Chen, |.S:
Human immunodeficiency virus type 1 Vpr induces
apoptosis following cell cycle arrest. J Virol 71, 5579-5592
(1997)

6. Goh, W.C., Rogel, M.E., Kinsey, C.M., Michael, S.F.,
Fultz, P.N., Nowak, M.A., Hahn, B.H. & Emerman, M:
HIV-1 Vpr increases viral expression by manipulation of
the cell cycle: a mechanism for selection of Vpr in vivo.
Nat Med 4, 65-71 (1998)

7. Heinzinger, N., Bukinsky, M., Haggerty, S., Ragland,
A., Kewaramani, V., Lee, M., Gendelman, H., Ratner, L.,
Stevenson, M. & Emerman, M: The Vpr protein of human
immunodeficiency virus type 1 influences nuclear
localization of viral nucleic acids in nondividing host cells.
Proc Nat Acad Sci USA 91, 7311-7315 (1994)

8. Levy, D.N,, Fernandes, L.S., Williams, W.V. & Weiner,
D.B: Induction of cel differentiation by human
immunodeficiency virus 1 vpr. Cell 72, 541-550 (1993)

9. Rogel, M.E.,, Wu, L.I. & Emerman, M: The human
immunodeficiency virus type 1 vpr gene prevents cell
proliferation during chronic infection. J Virol 69, 882-8
(1995)

10. Subbramanian, R.A., Kessous-Elbaz, A., Lodge, R.,
Forget, J.,, Yao, X.J,, Bergeron, D. & Cohen, E.A: Human
immunodeficiency virus type 1 Vpr is a positive regulator
of viral transcription and infectivity in primary human
macrophages. J Exp Med 187, 1103-1111 (1998)

11. Vodicka, M.A., Koepp, D.M., Silver, PA. &
Emerman, M. HIV-1 Vpr interacts with the nuclear
transport pathway to promote macrophage infection. Gen
Dev 12, 175-185 (1998)

12. Chen, M., Elder, R.T., Yu, M., O'Gorman, M.G., Sdlig,
L., Benarous, R., Yamamoto, A. & Zhao, Y: Mutational
analysis of Vpr-induced G2 arrest, nuclear localization, and
cell death in fission yeast. J Virol 73, 3236-3245 (1999)

13.  Lu, Y.L., Spearman, P. & Ratner, L. Human
immunodeficiency virus type 1 viral protein R localization
in infected cells and virions. J Virol 67, 6542-6550 (1993)
14. Zhao, Y., Cao, J, O'Gorman, M.R.G,, Yu, M. &
Y ogev, R. Effect of human immunodeficiency virus Type 1
protein R (vpr) gene expression on basic cellular functions
of fission yeast Schizosaccharomyces pombe. J Virol 70,
5821-5826 (1996)

15. Zhang, C., Rasmussen, C. & Chang, L.J: Cell cycle
inhibitory effects of HIV and SIV Vpr and Vpx in the yeast
Schizosaccharomyces pombe. Virol 230, 103-112 (1997)
16. Jowett, J.B., Plandlles, V., Poon, B., Shah, N.P., Chen,
M. & Chen, 1.S.Y: The human immunodeficiency virus
type 1 vpr gene arrests infected T cellsin the G2 + M phase
of the cell cycle. J Virol 69, 6304-6313 (1995)

17. Ayyavoo, V., Mahdingam, S., Rafedi, Y.,
Kudchodkar, S, Chang, D., Nagashunmugam, T.,
Williams, W.V. & Weiner, D.B. HIV-1 vird protein R
(Vpr) regulates viral replication and cellular proliferation in
T cells and monocytoid cells in vitro. J Leukoc Biol 62, 93-
99 (1997)

18. Macreadie, 1.G., Castelli, L.A., Hewish, D.R,
Kirkpatrick, A., Ward, A.C. & Azad, A.A. A domain of
human immunodeficiency virus type 1 Vpr containing
repeated H(S/F)RIG amino acid motifs causes cell growth

913

arrest and structural defects. Proc Natl Acad Sci USA 92,
2770-2774 (1995)

19. Mahalingam, S., Ayyavoo, V., Patel, M., Kieber-
Emmons, T. & Weiner, D.B. Nuclear import, virion
incorporation, and cell cycle arrest/differentiation are
mediated by distinct functiona domains of human
immunodeficiency virus type 1 Vpr. J Virol 71, 6339-6347
(1997)

20. Zhao, Y., Yu, M., Chen, M., Elder, R.T., Yamamoto,
A. & J, Cao: Pleiotropic effects of HIV-1 protein R (Vpr)
on morphogenesis and cell surviva in fission yeast and
antagonism by pentoxifylline. Virol 246, 266-276 (1998a)
21. Pasero, P. & Gasser, SM: New systems for replicating
DNA invitro. Curr Opin Cell Biol 10, 304-310 (1998)

22. Zhao, Y. & Lieberman, H.B: Schizosaccharomyces
pombe: a model for molecular studies of eukaryotic genes.
DNA Cell Biol 14, 359-371 (1995)

23. Murakami, H. & Nurse, P. DNA replication and
damage checkpoints and meiotic cell cycle controls in the
fission and budding yeasts. Biochem J 349, 1-12 (2000)

24, Jeansonne, N.E. Yeast as a mode system for
mammalian seven-transmembrane segment receptors. Proc
Soc Exp Biol Med 206, 35-44 (1994)

25. Nurse, P: Universal control mechanism regulating
onset of M-phase. Nature 344, 503-508 (1990)

26. Morgan, D.O: Principles of CDK regulation. Nature
374, 131-4 (1995)

27. Amon, A., Surana, U., Muroff, I. & Nasmyth, K:
Regulation of p34CDC28 tyrosine phosphorylation is
not required for entry into mitosis in S. cerevisiae.
Nature 355, 368-371 (1992)

28. Sorger, P.K. & Murray, A.W: S-phase feedback
control in budding yeast independent of tyrosine
phosphorylation of p34cdc28. Nature 355, 365-368
(1992)

29. Rhind, N. & Russell, P: Tyrosine phosphorylation
of cdc2 is required for the replication checkpoint in
Schizosaccharomyces pombe. Mol Cell Biol 18, 3782-
3787 (1998b)

30. Rhind, N., Furnari, B. & Russell, P: Cdc2 tyrosine
phosphorylation is required for the DNA damage
checkpoint in fission yeast. Gen Dev 11, 504-511 (1997)
31. Lindsay, H.D., Griffiths, D.J.,, Edwards, R.J.,
Christensen, P.U., Murray, J.M., Osman, F., Walworth,
N. & Carr, A.M: S-phase-specific activation of Cdsl
kinase defines a subpathway of the checkpoint response
in Schizosaccharomyces pombe. Gen Dev 12, 382-395
(1998)

32. Walworth, N.C. & Bernards, R: rad-dependent
response of the chk1-encoded protein kinase at the DNA
damage checkpoint. Science 271, 353-356 (1996)

33. Furnari, B., Rhind, N. & Russell, P: Cdc25 mitotic
inducer targeted by Chkl DNA damage checkpoint
kinase. Science 277, 1495-1497 (1997)

34. Furnari, B., Blasina, A., Boddy, M.N., McGowan,
C.H. & Russell, P: Cdc25 inhibited in vivo and in vitro
by checkpoint kinases Cdsl and Chk1. Mol Biol Cell 10,
833-845 (1999)

35. Lopez-Girona, A., Furnari, B., Mondesert, O. &
Russell, P: Nuclear localization of Cdc25 is regulated by
DNA damage and a 14-3-3 protein. Nature 397, 172-175
(1999)



HIV-1Vpr in Yeast

36. Matsuoka, S., Huang, M. & Elledge, S.J: Linkage of
ATM to cell cycle regulation by the Chk2 protein kinase.
Science 282, 1893-1897 (1998)

37. Sanchez, Y., Wong, C., Thoma, R.S,, Richman, R,,
Wu, Z., PiwnicaWorms, H. & Elledge, S.J. Conservation
of the Chkl checkpoint pathway in mammals: linkage of
DNA damage to Cdk regulation through Cdc25. Science
277, 1497-1501 (1997)

38. He, J, Choe, S, Waker, R.,, Di Marzio, P., D.,
Morgan, D.O. & Landau, N.R: Human immunodeficiency
virus type 1 vird protein R (Vpr) arrests cells in the G2
phase of the cell cycle by inhibiting p34cdc2 activity. J
Virol 69, 6705-6711 (1995)

39. Re, F., Braaten, D., Franke, E.K. & Luban, J: Human
immunodeficiency virus type 1 Vpr arrests the cell cycle in
G2 by inhibiting the activation of p34cdc2-cyclin B. J Virol
69, 6859-6864 (1995)

40. Elder, R.T., Yu, M., Chen, M., Edelson, S. & Zhao, Y:
Cell cycle G2 arrest induced by HIV-1 vpr in fission yeast
(Schizosaccharomyces pombe) is independent of cell death
and early genes in the DNA damage checkpoint. Virus Res
68, 161-173 (2000)

41. Gu, J, Emerman, M. & Sandmeyer, S: Small heat
shock protein suppression of Vpr-induced cytoskeletal
defects in budding yeast. Mol Cell Biol 17, 4033-4042
(1997)

42. Zeng, Y., Forbes, K.C., Wu, Z., Moreno, S., Piwnica-
Worms, H. & Enoch, T: Replication checkpoint requires
phosphorylation of the phosphatase Cdc25 by Cdsl or
Chk1. Nature 395, 507-510 (1998)

43. Boddy, M.N., Furnari, B., Mondesert, O. & Russell, P:
Replication checkpoint enforced by kinases Cdsl and
Chk1. Science 280, 909-912 (1998)

44, Masuda, M., Nagai, Y., Oshima, N., Tanaka, K.,
Murakami, H., Igarashi, H. & Okayama, H: Genetic studies
with the fission yeast Schizosaccharomyces pombe suggest
involvement of weel, ppa2, and rad24 in induction of cell
cycle arrest by human immunodeficiency virus type 1 Vpr.
J Virol 74, 2636-2646 (2000)

45. Bartz, SR., Rogd, M.E. & Emerman, M: Human
immunodeficiency virus type 1 cell cycle control: Vpr is
cytostatic and mediates G2 accumulation by a mechanism
which differs from DNA damage checkpoint control. J
Virol 70, 2324-2331 (1996)

46. Savitsky, K., Bar-Shira, A., Gilad, S., Rotman, G, Ziv,
Y., Vanagaite, L., Tagle, D.A., Smith, S, Uziel, T., & Sfez,
S: A single ataxia telangiectasia gene with a product similar
to PI-3 kinase. Science 268, 1749-1753 (1995)

47. Moser, B.A., Brondello, JM., Baber-Furnari, B. &
Russell, P: Mechanism of caffeine-induced checkpoint
override in fission yeast. Mol Cell Biol 20, 4288-4294
(2000)

48. Cohen, P: The structure and regulation of protein
phosphatases. Annu Rev Biochem 58, 453-508 (1989)

49. Kinoshita, N., Yamano, H., Niwa, H., Yoshida, T. &
Yanagida, M: Negative regulation of mitosis by the fission
yeast protein phosphatase ppa2. Gen Dev 7, 1059-1071
(1993)

50. Felix, M.A., Cohen, P. & Karsenti, E: Cdc2 H1 kinase
is negatively regulated by a type 2A phosphatase in the
Xenopus early embryonic cell cycle: evidence from the
effects of okadaic acid. EMBO J 9, 675-683 (1990)

914

51. Nakielny, S. & Dreyfuss, G: Transport of proteins and
RNAsin and out of the nucleus. Cell 99, 677-690 (1999)
52. Wente, S.R. Gatekeepers of the nucleus. Science 288,
1374-1377 (2000)

53. Corbett, A.H. & Silver, P.A: Nucleocytoplasmic
transport of macromolecules. Microbiol Mol Biol Rev 61,
193-211 (1997)

54. Bukrinsky, M.l. & Haffar, O.K: HIV-1 nuclear import:
matrix protein is back on center stage, this time together
with Vpr. Mol Med 4, 138-143 (1998)

55. Bukrinsky, M.l. & Haffar, O.K: HIV-1 nuclear import:
in search of aleader. Front Biosci 4, D772-781 (1999)

56. Galay, P., Stitt, V., Mundy, C., Oettinger, M. &
Trono, D: Role of the karyopherin pathway in human
immunodeficiency virus type 1 nuclear import. J Virol 70,
1027-32 (1996)

57. Jenkins, Y., McEntee, M., Weis, K. & Greene, W.C:
Characterization of HIV-1 vpr nuclear import: analysis of
signals and pathways. J Cell Biol 143, 875-885 (1998)

58. Popov, S, Rexach, M., Zybarth, G., Reiling, N., Lee,
M.A., Ratner, L., Lane, C.M., Moore, M.S,, Blobel, G. &
Bukrinsky, M: Viral protein R regulates nuclear import of
the HIV-1 pre-integration complex. EMBO J 17, 909-917
(1998b)

59. Popov, S., Rexach, M., Ratner, L., Blobel, G. &
Bukrinsky, M: Vira protein R regulates docking of the
HIV-1 preintegration complex to the nuclear pore complex. J
Biol Chem 273, 13347-13352 (19983)

60. Fouchier, RA., Meyer, B.E., Smon, JH., Fischer, U,
Albright, AV., Gonzdez-Scarano, F. & Madim, M.H:
Interaction of the human immunodeficiency virus type 1 Vpr
protein with the nuclear pore complex. J Virol 72, 6004-6013
(1998)

61. Haffar, O.K., Popov, S, Dubrovsky, L., Agostini, I., Tang,
H., Pushkarsky, T., Nadler, S.G. & Bukrinsky, M: Two nuclesr
localizetion signas in the HIV-1 matrix protein regulate
nuclear import of the HIV-1 pre-integration complex. J Mol
Biol 299, 359-368 (2000)

62. Fouchier, RA., Meyer, B.E., Simon, JH., Fischer, U. &
Malim, M.H: HIV-1 infection of non-dividing cells. evidence
that the amino-terminal basic region of the viral matrix protein
is important for Gag processing but not for post-entry nuclear
import. EMBO J 16, 4531-4539 (1997)

63. Freed, E.O., Englund, G. & Martin, M.A: Role of the basic
domain of human immunodeficiency virus type 1 matrix in
macrophage infection. J Virol 69, 3949-3954 (1995)

64. Agodtini, 1., Popov, S, Li, J, Dubrovsky, L., Hao, T. &
Bukrinsky, M: Hesat-shock protein 70 can replace viral protein
R of HIV-1 during nuclear import of the vira preintegration
complex. Exp Cell Res 259, 398-403 (2000)

65. Kroemer, G. & Reed, J.C: Mitochondria control of cell
desth. Nat Med 6, 513-519 (2000)

66. Green, D.R: Apoptotic pathways: paper wraps stone blunts
scissors. Cell 102, 1-4 (2000)

67. Susin, SA., Lorenzo, H.K., Zamzami, N., Marzo, |.,
Snow, B.E., Brothers, G.M., Mangion, J, Jacotot, E.,
Costantini, P., Loeffler, M., Larochette, N., Goodlett, D.R.,
Aebersold, R., Siderovski, D.P., Penninger, JM. & Kroemer,
G: Molecular characterization of mitochondria apoptoss-
inducing factor. Nature 397, 441-446 (1999)

68. Daugas, E., Nochy, D., Ravagnan, L., Loeffler, M.,
Susin, SA., Zamzami, N. & Kroemer, G: Apoptosis-



HIV-1Vpr in Yeast

inducing factor (AIF): a ubiquitous mitochondria
oxidoreductase involved in gpoptosis. FEBS Lett 476, 118-123
(2000)

69. Frohlich, K.U. & Madeo, F: Apoptosis in yeast--a
monocel lular organism exhibits atruistic behaviour. FEBS Lett
473, 6-9 (2000)

70. Lorenzo, H.K., Susin, SA., Penninger, J. & Kroemer, G:
Apoptosis inducing factor (AIF): a phylogeneticaly old,
caspase-independent effector of cell death. Cell Death Differ 6,
516-524 (1999)

71. Shaham, S, Shuman, M.A. & Herskowitz, I: Desth-
defying yeast identify novel apoptosis genes. Cell 92, 425-427
(1998)

72.  Jurgensmeer, JM., Krgewski, S, Armsrong, R.C.,
Wilson, G.M., Oltersdorf, T., Fritz, L.C., Reed, J.C. & Oittilig,
S Bax- and Bak-induced cdl death in the fisson yesst
Schizosaccharomyces pombe. Mol Biol Cell 8, 325-339 (1997)
73. Ink, B., Zornig, M., Baum, B., Hgjibagheri, N., James, C.,
Chittenden, T. & Evan, G: Human Bak induces cell degth in
Schizosaccharomyces pombe with morphologica changes
similar to those with gpoptosis in mammadian cells. Mol Cdll
Biol 17, 2468-2474 (1997)

74. James, C., Gchmeissner, S., Fraser, A. & Evan, G.l:
CED-4 induces chromatin condensation in
Schizosaccharomyces pombe and is inhibited by direct
physical association with CED-9. Curr Biol 7, 246-252 (1997)

75. Zha, H. & Reed, J.C: Heterodimerization-independent
functions of cell death regulatory proteins Bax and Bcl-2 in
yeast and mammalian cells. J Biol Chem 272, 31482-31488
(1997)

76. Zamzami, N. & Kroemer, G: Condensed matter in cell
death. Nature 401, 127-128 (1999)

77. Masuyama, S, Xu, Q., Vdours, J. & Reed, JC: The
Mitochondrid FOF1-ATPase proton pump is required for
function of the proapoptotic protein Bax in yeast and
mammalian cells. Mol Cell 1, 327-336 (1998)

78. Yao, X.J,, Mouland, A.J., Subbramanian, RA., Forget, J.,
Rougeau, N., Bergeron, D. & Cohen, E.A: Vpr stimulates
vird expresson and induces cdl killing in human
immunodeficiency virus type l-infected dividing Jurkat T
cells. J Virol 72, 4686-4693 (1998)

79. Stewart, SA., Poon, B., Song, J.Y. & Chen, |.S: Human
immunodeficiency virus type 1 vpr induces apoptosis through
caspase activation. J Virol 74, 3105-3111 (2000)

80. Shostak, L.D., Ludlow, J,, Fisk, J,, Pursdl, S, Rimd, B.J,
Nguyen, D., Rosenblatt, JD. & Plandlles, V: Roles of p53 and
caspases in the induction of cell cycle arrest and apoptosis by
HIV-1 vpr. Exp Cell Res 251, 156-165 (1999)

81. Ayyavoo, V., Mahboubi, A., Mahaingam, S,
Ramalingam, R., Kudchodkar, S., Williams, W.V., Green,
D.R. & Weiner, D.B: HIV-1 Vpr suppresses immune
activation and apoptosis through regulation of nuclear factor
kappaB. Nat Med 3, 1117-1123 (1997)

82. Fukumori, T., Akari, H., lida, S,, Hata, S., Kagawa, S,
Aida, Y., Koyama, A.H. & Adachi, A: The HIV-1 Vpr
displays strong anti-apoptotic activity. FEBS Lett 432, 17-20
(1998)

83. Conti, L., Randdi, G. Matarese, P., Varano, B.,
Rivabene, R., Columba, S, Sato, A., Bdarddli, F., Maorni,
W. & Gessani, S: The HIV-1 vpr protein acts as a negative
regulator of apoptosis in a human lymphoblastoid T cell line:

915

possible implications for the pathogenesis of AIDS. J Exp Med
187, 403-413 (1998)

84. Jacotot, E., Ravagnan, L., Loeffler, M., Ferri, K.F., Vieira,
H.L., Zamzami, N., Cogtantini, P., Druillennec, S., Hoebeke,
J, Briand, JP., Irinopoulou, T., Daugas, E., Susin, SA.,
Cointe, D., Xie, Z.H., Reed, J.C., Roques, B.P. & Kroemer, G:
The HIV-1 vird protein R induces apoptosis via a direct effect
on the mitochondria permesbility transition pore. J Exp Med
191, 33-46 (2000)

85. Di Marzio, P., Choe, S, Ebright, M., Knoblauch, R. &
Landau, N.R: Mutationa analysis of cell cycle arrest, nuclear
localization and virion packaging of human immunodeficiency
virustype 1 Vpr. J Viral 69, 7909-7916 (1995)

86. Subbramanian, RA., Yao, X.J, Dilhuydy, H., Rougeau,
N., Bergeron, D., Robitallle, Y. & Cohen, EA: Human
immunodeficiency virus type 1 Vpr locdization: nuclear
trangport of a vira protein modulated by a putaive
amphipathic helica structure and its relevance to biologica
activity. J Mol Biol 278, 13-30 (1998a)

87. Yao, X.J,, Subbramanian, R.A., Rougeau, N., Boisvert, F.,
Bergeron, D. & Cohen, E.AA: Mutagenic andysis of human
immunodeficiency virus type 1 Vpr: role of a predicted N-
terminal alpha-helical structure in Vpr nuclear localization and
virion incorporation. J Virol 69, 7032-7044 (1995)

88. Zhao, L.J, Mukherjee, S. & Narayan, O: Biochemica
mechanism of HIV-l Vpr function. Specific interaction with a
cdlular protein. J Biol Chem 269, 15577-15582 (1994)

89. Henklein, P, Bruns, K., Sherman, M.P., Tessmer, U.,
Licha, K., Kopp, J., de Noronha, C.M., Greene, W.C., Wray,
V. & Schubert, U: Functiona and structura characterization of
synthetic HIV-1 Vpr that transduces cellslocalizes to the
nucleus, and induces G2 cell cycle arrest. J Biol Chem 275,
32016 (2000)

90. Mahaingam, S, Collman, R.G., Patel, M., Monken, C.E.
& Srinivasan, A: Functiond andlysis of HIV-1 Vpr:
identification of determinants essential for subcellular
localization. Virol 212, 331-339 (1995hb)

91. Muthumani, K., Montaner, L.J.,, Ayyavoo, V. & Weiner,
D.B: Vpr-GFP virion paticle identifies HIV-infected targets
and preserves HIV-1Vpr function in macrophages and T-cdlls.
DNA Cdll Biol 19, 179-188 (2000)

92. Mahalingam, S., MacDonad, B., Ugen, K.E.,
Ayyavoo, V., Agadjanyan, M.G., Williams, W.V. &
Weiner, D.B: Invitro and in vivo tumor growth suppression by
HIV-1Vpr. DNA Cdl Biol 16, 137-143 (1997)

93. Bowen, A.R,, Chen-Wu, JL., Momany, M., Young, R,
Szaniszlo, P.J. & Robbins, PW: Classification of funga chitin
synthases. Proc Natl Acad Sci USA 89, 519-523 (1992)

94. C Alfa, P Fantes, J Hyams, M McLeod & E Warbrick:
Experiments with Fisson Yeast, A Laboratory Course
Manud,, pp. 19-22, Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y. (1993)

95. Jochova, J., Rupes, |. & Streiblova, E: F-actin contractile
rings in protoplasts of the yeast Schizosaccharomyces. Cell
Biol Int Rep 15, 607-610 (1991)

96. Marks, J., Hagan, I.M. & Hyams, J.S: Growth polarity
and cytokinesis in fission yeast: the role of the
cytoskeleton. J Cell Sci Suppl 5, 229-241 (1986)

97. Welch, M.D., Holtzman, D.A. & Drubin, D.G: The
yeast actin cytoskeleton. Curr Opin Cell Biol 6, 110-119
(1994)



HIV-1Vpr in Yeast

98. Schuler, W., Wecker, K., de Rocquigny, H., Baudat,
Y., Sire, J. & Roques, B.P: NMR structure of the (52-96)
C-terminal domain of the HIV-1 regulatory protein Vpr:
molecular insights into its biological functions. J Mol Biol
285, 2105-2117 (1999)

99. Wecker, K. & Roques, B.P: NMR structure of the (1-
51) N-termina domain of the HIV-1 regulatory protein
Vpr. Eur J Biochem 266, 359-369 (1999)

100. Luo, Z., Butcher, D.J.,, Murdi, R., Srinivasan, A. &
Huang, Z: Structural studies of synthetic peptide fragments
derived from the HIV- 1 Vpr protein. Biochem Biophys Res
Commun 244, 732-736 (1998)

101. Selig, L., Benichou, S., Rogel, M.E., Wu, L.I.,
Vodicka, M.A., Sire, J, Benarous, R. & Emerman, M:
Uracil DNA glycosylase specifically interacts with Vpr of
both human immunodeficiency virus type 1 and simian
immunodeficiency virus of sooty mangabeys, but binding
does not correlate with cell cycle arrest. J Virol 71, 4842-
4846 (1997)

102. Fletcher, T.M., 3rd, Brichacek, B., Sharova, N.,
Newman, M.A., Stivahtis, G., Sharp, P.M., Emerman, M.,
Hahn, B.H. & Stevenson, M: Nuclear import and cell cycle
arrest functions of the HIV-1 Vpr protein are encoded by
two separate genes in HIV-2/SIV(SM) EMBO J 15, 6155-
6165 (1996)

103. Macreadie, 1.G., Arunagiri, C.K., Hewish, D.R,,
White, JF. & Azad, A.A: Extracellular addition of a
domain of HIV-1 Vpr containing the amino acid sequence
motif H(S/F)RIG causes cell membrane permeabilization
and death. Mol Microbiol 19, 1185-1192 (1996)

104. Zhao, Y., Elder, R.T., Chen, M.Z. & Cao, J Fission
yeast expression vectors adapted for positive identification
of gene insertion and GFP fusion. BioTech 25, 438-442
(1998b)

105. Poon, B, J.B. Jowett, SA. Stewart, R.W. Armstrong,
G.M. Rishton & 1.S. Chen: Human immunodeficiency virus
type 1 vpr gene induces phenotypic effects similar to those
of the DNA alkylating agent, nitrogen mustard. J Virol 273,
3961-3971 (1997)

106. Hrimech M, S. J. Yao, P.E. Branton, & E.A. Cohen:
Human immunodeficiency virus type 1 Vpr-mediated G(2)
cell cycle arrest: Vpr interferes with cell cycle signaling
cascades by interacting with the B subunit of
serine/threonine protein phosphatase 2A. EMBO J 19,
3956-3967 (2000)

Key Words: HIV-1, Vpr, Yeast, S pombe, S cerevisiae,
Nuclear transport, Cell cycle G2 arrest, Apoptosis, Review

Send correspondence to: Yugi Zhao, 2430 N Halsted Street,
MB218, Chicago, lllinois, USA. Td: 773-880-6608, Fax: 773-
880-6609, E-mail: yzhao@northwestern.edu

This manuscript is available on line at:

http://www.bi oscience.org/2000/v5/d/ful ltext.htm

916



