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HIV-1 Vpr-induced cell death in Schizosaccharomyces 
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Human immunodeficiency virus type 1 (HIV-1) Vpr induces cell death in mammalian and fission yeast cells, sug-
gesting that Vpr may affect a conserved cellular process. It is unclear, however, whether Vpr-induced yeast cell death 
mimics Vpr-mediated apoptosis in mammalian cells. We have recently identified a number of Vpr suppressors that not 
only suppress Vpr-induced cell death in fission yeast, but also block Vpr-induced apoptosis in mammalian cells. These 
findings suggest that Vpr-induced cell death in yeast may resemble some of the apoptotic processes of mammalian cells. 
The goal of this study was to develop and validate a fission yeast model system for future studies of apoptosis. Similar 
to Vpr-induced apoptosis in mammalian cells, we show here that Vpr in fission yeast promotes phosphatidylserine 
externalization and induces hyperpolarization of mitochondria, leading to changes of mitochondrial membrane poten-
tial. Moreover, Vpr triggers production of reactive oxygen species (ROS), indicating that the apoptotic-like cell death 
might be mediated by ROS. Interestingly, Vpr induces unique morphologic changes in mitochondria that may provide 
a simple marker for measuring the apoptotic-like process in fission yeast. To verify this possibility, we tested two Vpr 
suppressors (EF2 and Hsp16) that suppress Vpr-induced apoptosis in mammalian cells in addition to a newly identified 
Vpr suppressor (Skp1). All three proteins abolished cell death mediated by Vpr and restored normal mitochondrial 
morphology in the yeast cells. In conclusion, Vpr-induced cell death in fission yeast resembles the mammalian apoptotic 
process. Fission yeast may thus potentially be used as a simple model organism for the future study of the apoptotic-like 
process induced by Vpr and other proapoptotic agents.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) infec-
tion is characterized by the progressive loss of CD4+ T-cell 
lymphocytes that results in loss of immune function and 
eventual progression to AIDS. The depletion of CD4+ lym-
phocytes is believed to be the result of programmed cell 

death or apoptosis of HIV-infected cells [1-3]. A number 
of studies have indicated that HIV-1 Vpr, a proapoptotic 
protein, contributes at least in part to CD4+ lymphocyte 
depletion during viral infection [4-8].

Considerable efforts have been taken to characterize 
the apoptotic signaling cascade induced by Vpr. However, 
the mechanism of apoptosis induced by Vpr is still not 
fully understood. One model proposes that Vpr induces 
apoptosis by altering the permeability of the mitochondrial 
pore [9, 10]. This mitochondria-dependent pathway is 
characterized by the depolarization of the mitochondrial 
membrane potential, which is initiated by mitochondrial 
outer membrane permeabilization (MOMP) [11]. Vpr is 
thought to lead to the changes in MOMP by binding to an 
adenine nucleotide transporter (ANT) protein in the inner 
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mitochondrial membrane [6, 7, 12]. Ultimately, Vpr causes 
the activation of caspase 9 and the release of cytochrome c 
to the cytoplasm, leading to apoptosis [13-15].

While there is considerable evidence supporting the idea 
that Vpr induces apoptosis through changes in MOMP, 
other studies raise the possibility that Vpr kills cells 
through other pathways (for a review, see [9]). One report 
showed that the removal of ANT has no effect on Vpr-
induced apoptosis, whereas the removal of Bax represses 
apoptosis [4]. Moreover, Vpr activates caspase 8 [16, 17], 
which is the main effector of the death receptor-medi-
ated apoptotic pathway. A different report showed that a 
fragment of Vpr is capable of inducing cell death without 
caspase activation [18]. A possible role for the nucleus in 
Vpr-induced cell death was also suggested when cells with 
defects in the nuclear pore protein Nup124 became resis-
tant to Vpr-induced cell killing [19]. Together, the results 
of these studies suggest that mechanisms other than the 
mitochondria-dependent mechanism may also play a role 
in Vpr-induced apoptosis.

Unicellular organisms like budding or fission yeast can 
undergo cell death, with many of the features resembling 
apoptosis of multicellular organisms [20-22]. For example, 
some of the dying yeast cells also show mitochondrial de-
polarization, high levels of reactive oxygen species (ROS), 
DNA fragmentation, and phosphatidylserine (PS) exposure 
at the plasma membrane characteristic of apoptotic mam-
malian cells [23]. Although no yeast homologues of the 
caspases have thus far been reported, apoptosis-like cellular 
processes were found in yeast and contribute to the process 
of programmed cell death [22, 24]. In many of the cases, 
increases in ROS, indicating cellular oxidative stress, are 
associated with apoptosis in yeast and mammalian cells 
[22, 24]. ROS production is therefore often considered as 
an indication of apoptosis, and mitochondria are the main 
ROS source in ROS-mediated apoptosis [10, 25].

Vpr has been shown to induce cell death in fission yeast 
and mammalian cells [26, 27], suggesting that the mecha-
nisms governing these processes must be highly conserved. 
However, it is unknown whether cell death induced by Vpr 
in fission yeast mimics that in mammalian cells. By using 
fission yeast as an experimental model system, we have 
previously identified a number of Vpr suppressors, such as 
Hsp16, Hsp70, and Ef2, that not only prevent Vpr-induced 
cell death in fission yeast, but also suppress Vpr-induced 
apoptosis in mammalian cells [28-31]. These findings sug-
gest that some of the cellular signaling that triggers cell 
death by Vpr in fission yeast is similar to the signaling 
that causes apoptosis in mammalian cells. The goals of 
this study were to further delineate the cellular process of 
Vpr-induced cell death in fission yeast and to identify some 
of the apoptotic markers present in mammalian cells for 

the development of a new and unique method for studying 
apoptosis. We hypothesized that Vpr induces cell death in 
fission yeast through mechanisms that are similar to and 
reminiscent of apoptosis in mammalian cells. The results 
described in this report support this hypothesis. Just as in 
mammalian cells, Vpr induces cell death in fission yeast via 
the alteration of mitochondrial organization, changes in the 
mitochondrial membrane potential, and production of ROS. 
Furthermore, we found that the changes of mitochondrial 
morphology induced by Vpr could potentially be used as 
a unique and simple marker for measuring apoptosis in 
fission yeast; overexpression of two previously reported 
suppressors of Vpr-induced apoptosis in mammalian cells 
not only prevented Vpr-induced cell death but also restored 
mitochondrial morphology. A new Vpr suppressor is also 
identified through this strategy.

Results

Vpr induces cell death and promotes PS externalization in 
fission yeast cells

Vpr-induced cell death in fission yeast can be demon-
strated in several ways. As soon as the vpr gene is expressed, 
cells stop growing [32]. Staining of vpr-expressing cells 
with the fluorescent dye FUN-1, which measures intra-
cellular metabolic activity and cell membrane integrity, 
showed little or no metabolic activity 24 h after vpr gene 
induction; cells were metabolically inert by 48 h [27]. Cell 
death mediated by Vpr in Schizosaccharomyces pombe can 
also be demonstrated by the inability of fission yeast cells 
to form colonies on the vpr-inducing agar plates [27, 33]. 
The lack of colony-forming ability thus becomes a simple 
way to measure Vpr-induced cell death. Figure 1A shows 
that the fission yeast strain RE007, which carries a single 
integrated copy of the vpr gene in the chromosome of a 
wild-type SP223 strain [27, 28], was first grown in selective 
Edinburgh minimal medium (EMM) until the log phase of 
growth. The actively growing culture was then plated onto 
thiamine-containing EMM plates, allowing the cells to 
repress the expression of vpr. Normal-sized colonies were 
obtained under vpr-repressing conditions 3-4 days after 
incubation at 30 ºC (Figure 1A - left panel). However, no 
or very tiny colonies were seen when the same cells were 
plated onto thiamine-free EMM plates that allowed vpr to 
be expressed (Figure 1A - right panel). Therefore, colony 
formation can be used as a marker for Vpr-induced cell 
killing in S. pombe [33].

By using the lack of colony formation as an endpoint 
for Vpr-induced cell death, we have previously conducted 
genome-wide screenings of multicopy suppressors of Vpr-
induced cell death. To search for these Vpr suppressors, 
an S. pombe cDNA expression library was transformed 
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into the RE007 strain [28]. The criterion used to identify 
suppressors of Vpr-induced cell death was the ability of a 
fission yeast transformant to form colonies of normal size on 
the vpr-expressing agar plate as previously described (Fig-
ure 1A; [32, 33]). A total of 8.7 × 105 cDNA transformants 
were screened through three independent screenings. A total 
of 26 unique sibling groups were identified. Three of them 
(Hsp16, Hsp70, and Ef2) have been characterized. All of 
them, when overproduced, prevent Vpr-induced cell death 
in fission yeast and also suppress Vpr-induced apoptosis 
in mammalian cells [28-31]. The findings that these sup-
pressors prevent Vpr-induced cell death and apoptosis in 
both S. pombe and mammalian cells raise the interesting 
possibility that the cellular process resulting in Vpr-in-
duced cell death in fission yeast are in some way similar to 
those of mammalian cells. To examine this possibility, we 
first tested possible PS externalization. PS is a membrane 
phospholipid that typically localizes to the inner layer of 
the plasma membrane in both prokaryotic and eukaryotic 
cells [34]. Upon induction of apoptosis, PS redistributes 
from the inner layer to the outer layer of the membrane, and 
this redistribution can be detected by Annexin V staining. 
Therefore, PS externalization detected by Annexin V strain-
ing is a sensitive marker for the early stages of apoptosis, 
shown in both mammalian cells and budding yeast [20, 21]. 
For the detection of PS, the RE007 yeast strain was grown 
under vpr-repressing (vpr-off) and vpr-expressing (vpr-on) 
conditions. Cells were treated with zymolyase to remove 
the cell wall. Spheroplasts were then stained simultaneously 
with FITC-labeled Annexin V and propidium iodine (PI) 
to visualize PS exposure and membrane integrity, respec-
tively. As shown in Figure 1B, the vpr-repressing control 
cells showed very weak staining for both FITC-labeled 
Annexin V and PI (Figure 1B - left panels). However, the 
majority of the vpr-expressing cells at 32 h after gene in-
duction showed strong green fluorescence in the periphery 
of the cell, suggesting that some of the PS was exposed at 
the outer layer of the intact plasma membrane (Figure 1B 
- top right). To avoid possible artifacts due to the binding of 
Annexin V to the ruptured plasma membrane, PI, a nuclear 
DNA dye, was also used to examine the integrity of plasma 
membrane. The use of this dye is based on the principle that 
PI cannot pass through an intact membrane [22]. Only few 
of those Annexin V-stained vpr-expressing cells showed red 
fluorescence in the nucleus, indicating no or little disrup-
tion of the plasma membrane of the spheroplasts (Figure 
1B - second row). In contrast, relatively strong PI nuclear 
staining of vpr-expressing cells was seen 48 h after gene 
induction, indicating PI leakage into the nucleus through 
a ruptured plasma membrane (Figure 1B, bottom row). 
Therefore, Vpr-induced cell death in S. pombe displays an 
apoptotic phenotype as revealed by PS externalization.

Figure 1 Vpr induces cell death and promotes phosphatidylser-
ine externalization of fission yeast cells. (A) Expression of vpr 
prevents colony formation of S. pombe cells. Vpr induces cell 
death in S. pombe, as shown here by the lack of colony-forming 
ability onto selective EMM plates under vpr-repressing (vpr-off) 
and vpr-expressing (vpr-on) conditions [32, 74]. The fission yeast 
strain RE007, which is a derivative of the wild-type SP223 contain-
ing a single integrated copy of vpr gene under the control of the 
nmt1 promoter [28], was grown in selective EMM to the mid-log 
growth phase in the presence of thiamine. Equal numbers of cells 
were streaked onto selective EMM plates with (vpr-off) or without 
(vpr-on) thiamine. The agar plates were incubated at 30 ºC for 
3-4 days before the images were taken. (B) Vpr promotes phos-
phatidylserine externalization of fission yeast cells as determined 
by the Annexin V-FITC staining. To visualize phosphatidylserine 
externalization, the fission yeast strain RE007 was grown in se-
lective EMM in either the presence (vpr-off) or absence (vpr-on) 
of thiamine to induce vpr gene expression. Cells were collected 
32 and 48 h after gene induction and stained with FITC-labeled 
Annexin V and propidium iodine (PI) as previously described [20]. 
Cells were then visualized microscopically. The PI staining was 
used here as a control for detecting the integrity of the plasma 
membrane [22]. Please note that the images shown in the top 
panels are “Annexin V + PI”, whereas those in the bottom panels 
are PI only images. 
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Vpr stimulates the production of ROS
Upon induction of cellular oxidative stress, large 

amounts of ROS are released within the cell and often cause 
cell death [35, 36]. The major source of ROS production 
arises from the mitochondria, and mitochondrial dysfunc-
tion during cell death enhances ROS production within 
cells and leads to apoptosis [37, 38]. To further analyze 
the role of intracellular ROS in cell death mediated by 
Vpr, the possible production of ROS was measured upon 
vpr expression in S. pombe. Dihydroethidium (DHE), a 
dye capable of indicating the presence of ROS, produces 
red fluorescence in the presence of ROS and was used 
for the detection of ROS in our experiment. Expression 
of vpr was induced in the fission yeast strain RE007, and 

Figure 2 Vpr stimulates the production of reactive oxygen species 
(ROS).  (A) Expression of vpr stimulates the production of ROS in 
S. pombe cells. RE007 yeast strain was grown in selective EMM 
in either the presence (vpr-off) or absence (vpr-on) of thiamine 
to induce vpr gene induction. 20.5 h after vpr expression, a ROS 
indicator dye (DHE) was added to the culture. ROS were detected 
microscopically over time at the different times indicated. Note that 
the differences in cell morphology between vpr-off and vpr-on cells 
are due to the cell cycle arrest induced by Vpr in the vpr-on cells. 
This phenotype is not directly relevant to ROS production. (B) As 
an alternative procedure, ROS was also visualized microscopi-
cally with a different ROS dye (H2DCFDA), which was added to 
the culture 22.5 h after vpr expression and detected at 24 h. Note 
that the staining patterns of DHE and H2DCFDA are different. Even 
though both the DHE and H2DCFDA detect ROS production, DHE 
is selectively oxidized by superoxide anion whereas fluorescence 
of H2DCFDA is triggered by oxidation via hydroxides, hydrogen 
peroxides, and hydroxyl radicals [75, 76]. Since the mitochon-
dria are a major source of superoxide, stronger mitochondrial 
fluorescence was seen with DHE than H2DCFDA. (C) Treatment 
of vpr-expressing cells with oxygen radical scavengers (TMPO) 
reduces ROS accumulation. The RE007 yeast strain was grown in 
selective EMM in either the presence (vpr-off) or absence (vpr-on) 
of thiamine to induce vpr gene induction. TMPO was added twice 
during the course of vpr expression. TMPO was first added to the 
culture at the time of cell inoculation when vpr gene expression 
was induced, and cells were treated again with TMPO when DHE 
was added to the culture to visualize ROS under the microscope 
at the different times indicated. Scale bar: 10 µm.

the level of ROS was subsequently detected in cells at 
21, 24, and 30 h after vpr induction (Figure 2A). At 21 h, 
marginal fluorescence appeared in vpr-expressing cells; no 
significant detectable difference between the vpr-repress-
ing and vpr-expressing cells was noted (Figure 2A - top 
row). By 24 h, however, the intensity of the fluorescence 
in vpr-expressing cells became significantly stronger than 
that in vpr-repressing cells (Figure 2A - second row). The 
intensity of fluorescence greatly increased over time in the 
vpr-expressing cells, whereas the fluorescence remained 
low in the vpr-repressing cells (Figure 2A - bottom row). 
The increase of ROS production induced by Vpr was further 
confirmed by the use of 2′,7′-dichlorodihydrofluorescein 
diacetate (H2DCFDA). This compound is another ROS 
dye, which produces green fluorescence in the presence 
of ROS. Consistent with the DHE staining, the generation 
of ROS was visualized 24 h after vpr gene induction. A 
significant difference in the level of ROS was also observed 
between vpr-repressing and vpr-expressing cells (Figure 
2B). Therefore, it is clear that Vpr triggers the production 
of ROS in S. pombe.

Spin traps, such as 3,3,5,5-tetramethylpyrroline N-oxide 
(TMPO), are compounds that react with free radicals by 
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forming stable complexes. These compounds can therefore 
be used as ROS scavengers to remove free radical species 
[39]. If Vpr stimulates ROS production, treatment with a 
spin trap reagent should decrease or reverse the levels of 
ROS present in vpr-expressing cells. Upon vpr expression, 
TMPO was added to the RE007 culture. The level of ROS 
was subsequently detected by DHE at 21, 24, and 30 h 
after vpr induction (Figure 2C). Insignificant levels of 
fluorescence were observed in vpr-repressing cells either 
treated or not treated with TMPO (Figure 2C - first and 
second columns). A significant reduction of the intensity 
of fluorescence was detected in the TMPO-treated vpr-
expressing cells in comparison with vpr-expressing cells 
that were not treated with TMPO (Figure 2C - third and 
last columns). However, the amount of ROS in TMPO-
treated vpr-expressing cells was still higher than that in 
vpr-repressing cells. Therefore, treatment of vpr-expressing 
cells with TMPO only partially relieves the ROS produc-
tion induced by Vpr.

Vpr alters mitochondrial membrane potential, morphology, 
and distribution

In mammalian cells, Vpr-induced apoptosis depends to a 
large extent on the ability to modulate mitochondrial func-
tions [6, 7, 18]. For example, Vpr triggers apoptosis through 
a pathway that affects mitochondrial membrane permeabi-
lization and leads to changes of the membrane potential [6, 
7, 18]. To test whether Vpr also affects mitochondrial mem-
brane potential in S. pombe, the mitochondrial membrane 
potential (△ψm) was assessed in S. pombe expressing vpr. 
Expression of vpr was induced in the fission yeast strain 
RE007, and the yeast △ψm was measured by using the 
△ψm-sensitive dye 3,3′-dihexyloxacarbocyanine iodide 
(DiOC6(3)) [40]. As shown in Figure 3A, expression of vpr 
resulted in an increase in △ψm, as indicated by the shift of 
the DiOC6(3) peak to the right. Therefore, it appears that 
Vpr does, indeed, affect mitochondrial △ψm and leads to 
hyperpolarization of the mitochondria.

Our previous studies suggested that Vpr-induced cell 
death in S. pombe was due in part to the interruption of 
cytoskeletal structures and intracellular structural proteins 
like actin [27]. Here, we were interested in whether Vpr 
has any effect on mitochondrial morphology and organi-
zation in S. pombe. The fission yeast strains RE007 and 
MZ01 were used to measure the possible dosage effects 
of Vpr on mitochondria by expressing vpr through either 
an autonomous multicopy pYZ1N-vpr plasmid (MZ01) 
[41] or a single copy vpr gene (RE007) [28]. To visualize 
mitochondrial morphology and distribution, fission yeast 
cells were stained with the mitochondria-specific dye 
2-(4-dimethylaminostyryl)-1-methylpyridinium iodide 
(DASPMI) [42]. Consistent with the previous description 

Figure 3 Vpr alters mitochondrial morphology, distribution, and 
membrane potential. (A) Expression of vpr alters mitochondrial 
membrane potential (△ψm) and results in the hyperpolarization 
of mitochondria in S. pombe. The RE007 yeast strain was grown 
in selective EMM in either the presence (vpr-off) or absence 
(vpr-on) of thiamine to induce vpr gene induction. Cells were col-
lected 24 h after gene induction and stained with a △ψm-sensitive 
dye DiOC6(3). Cells were then subjected to FACScan analysis 
to determine the △ψm variation. (B) Expression of vpr alters 
mitochondrial morphology and distribution. Fission yeast wild-
type strains (SP223) containing multiple copies (MZ01, in which 
the vpr gene is expressed episomally from a pYZ1N plasmid) 
or a single copy (RE007, in which the vpr gene was expressed 
through a single integrated copy of vpr gene in the chromosome) 
of Vpr were grown in selective EMM in either the presence (vpr-
off) or absence (vpr-on) of thiamine to induce vpr gene induction. 
Mitochondrial morphologies were visualized microscopically 24 h 
after gene induction by staining S. pombe cells with DASPMI as 
previously described [43].

of a normal fission yeast mitochondria [43], mitochondria 
in the vpr-repressing cells appeared either as multiple small 
dots concentrated around the edge and at the growing ends 
of the cell, or as a tubular network extending along the 
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periphery of the cell (Figure 3B, left panels). In contrast, 
different sizes of mitochondrial aggregates were situated 
near the center of the vpr-expressing cells (Figure 3B, right 
panels). It appears that low levels of Vpr are sufficient to 
induce morphologic changes in mitochondria, because 
similar mitochondrial aggregates were seen in cells express-
ing single or multiple copies of vpr genes (Figure 3B, right 
panels). Vpr-induced changes of mitochondrial membrane 
potential were further confirmed through the use of a dif-
ferent mitochondrial dye provided in a commercial Mito-
tracker assay (data not shown; Molecular Probes, Eugene, 
OR). Therefore, Vpr alters mitochondrial morphology and 
distribution in S. pombe cells.

Mutational analysis and correlation of Vpr-induced cell 

death with changes of mitochondrial morphology
Since Vpr affects mitochondrial morphology and 

membrane potential, we reasoned that the mitochondrial 
morphologic changes caused by Vpr may contribute at least 
in part to Vpr-induced cell death. If this were true, changes 
of mitochondrial morphology might provide an additional 
simple marker for measuring Vpr-induced cell death and 
predicting Vpr-induced apoptosis. To further explore this 
possibility, the potential correlation between Vpr-induced 
cell death and mitochondrial morphologic changes was 
tested. We carried out a mutational analysis using a Vpr 
mutant panel that has been described previously for Vpr-
induced cell death in fission yeast [33]. This Vpr mutant 

Figure 4 Correlation of Vpr-induced cell death with alternations 
of mitochondrial morphology caused by Vpr.  A panel of mutated 
Vpr genes, which were previously described for their abilities 
to induce cell death in fission yeast cells [33], were used in this 
study to evaluate their effects on mitochondrial morphology in 
wild-type SP223 cells. Staining of S. pombe cells with DASPMI 
as previously described in Figure 3 shows that mitochondrial 
morphology was affected by these Vpr mutants 24 h after gene 
induction. Vpr-induced changes of mitochondrial morphology ap-
pear to correlate with Vpr-induced cell death, and this correlation 
is summarized in Table 1.

Table 1 Mutant effects of Vpr on mitochondrial morphology and their 
correlation with Vpr-induced cell death
 Vpr genotype Structural  Cell killing2 Mitochondrial
  domain1  morphologic
     changes3

 No Vpr n/a – – – –       
 Wt Vpr Full length +++ +++
 Vpr mutants4

 E17D α1 +++ +/– –?
 W18R α1 + +/– –   
 E24G α1 ++ +++
 E25K α1 +++5 +++
 K27A α1 ND +/– 
 H33R α1 ++ +/– –   
 F34I α1 + +/– –   
 W54R α2 ++ ++– 
 H71R α2 ++ +++
 H78R α2 +++ +++
 S79A C tail +++ ++/–  
 R88K C tail +++ – – –?
 A89T C tail +++ +++
 R90K C tail +++ +/– –?
n/a, not applicable; wt, wild type; ND, not determined.
1The structural domains of Vpr affected by these mutants are based on 
previous reports [44, 45]: α1, α-helix from aa 17-46; α2, α-helix from 
aa 53-78; C tail, aa 79-96.
2The abilities of these Vpr mutants to kill fission yeast cells have been 
described previously [33]. The levels of cell killing were defined as: +++, 
>80%; ++, 30-79%; +, 10-29%; –, < 10% cell death.
3The levels of mitochondrial morphologic changes were determined by 
the proportion of normal mitochondria (–) vs abnormal mitochondria 
(+) in a particular Vpr mutant. 
4All Vpr mutants except K27A were generated by Selig et al. [77].
5An early study mistakenly reported that E25K showed no cell-killing 
effect. 
The “?” marker indicates the lack of correlation between Vpr-induced 
cell killing and mitochondrial morphology.

SP223 + pYZ1N-vpr          

WT-off               WT-on                 E17D                W18R           

E24G                  E25K                 K27A                 H33R           

F34I                  W54R                 H71R                 H78R           

S79A                  R88K                  A89T                 R90K           
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changes were determined by the numbers of cells contain-
ing abnormal mitochondria (marked as “+”) in comparison 
with the numbers of cells carrying normal mitochondria 
(marked as “–”) for a cell population carrying a particular 
Vpr mutant. As shown in Figure 4, Vpr-induced changes 
of mitochondrial morphology appear to a large extent to 
correlate with Vpr-induced cell death; this correlation is 
summarized in Table 1. For example, the maximum levels 
of cell death (>80%) induced by the E25K, H78R, and 
A89T Vpr mutants [33] correlate with the most profound 
changes of mitochondrial morphology. Significant mito-
chondrial morphology changes were also associated with 
the E24G and H71R mutants, which induced intermediate 
levels (30-79%) of cell death; the minimal levels of Vpr-
induced cell death (10-29%) conferred by the W18R and 

panel includes 14 vpr constructs containing single-point 
mutations representing single amino acid substitutions 
distributed throughout the entire protein. The structural 
domain of Vpr affected by these mutants is summarized in 
Table 1 and is based on previous reports [44, 45]. The Vpr 
mutants were cloned into a fission yeast expression vector 
pYZ1N [41]. Each of the plasmids that carry a specific vpr 
gene mutation was transformed into the wild-type SP223 
fission yeast strain, and the effect of Vpr on mitochondrial 
morphology was examined as described in Figure 3B. DNA 
sequencing and immunoblot analysis confirmed that all of 
the vpr mutations were expressed properly in fission yeast 
[33]. Thus, any changes of mitochondrial morphology in 
these Vpr point mutation experiments are due to the specific 
Vpr mutation. The levels of mitochondrial morphologic 

Figure 5 Suppression of Vpr-induced cell death and mitochondrial morphologic changes by Hsp16, Ef2, and Skp1.  Ef2 and 
Hsp16 have been previously shown to suppress Vpr-induced apoptosis in mammalian cells  [28, 29, 31]. Skp1 is another Vpr 
suppressor identified through our prior genome-wide screenings of fission yeast. (A) Expression of hsp16, ef2 and skp1 sup-
press cell death mediated by Vpr as shown by their abilities to re-establish the colony-forming ability on the selective EMM 
plates under the vpr-expressing (vpr-on) conditions.  A RE007 yeast strain transformed with pYZ1N, pYZ1N-hsp16, pYZ1N-ef2 
or pYZ1N-skp1 was grown in selective EMM to mid-log growth phase in the presence of thiamine.  Equal number of cells was 
plated onto selective EMM plates with (vpr-off) or without (vpr-on) thiamine. Agar plates were incubated at 30 ºC for 3-4 days.  (B) 
Quantitative measurement of suppression of Vpr-induced cell death by Hsp16, Ef2 and Skp1. Cell survival in the vpr-expressing 
RE007 cells was determined 24 h after gene induction at 30 ºC by the colony forming ability on agar plates as described previ-
ously [27]. Cell survival was measured as the % of colonies grown on the vpr-expressing agar plates in comparison with the 
number of colonies formed on the vpr-repressing agar plates. Cell survival of the vpr-off cultures was adjusted to 100% for 
comparison purposes. Data presented in the figure represent mean±SD of three experiments. (C) Expression of hsp16, ef2 
and skp1 restore morphology and normal distribution of mitochondria in the vpr-expressing RE007 cells. RE007 yeast strain 
transformed with pYZ1N-hsp16, pYZ1N-ef2 or pYZ1N-skp1 was grown in selective EMM either in the presence (gene-off) or 
absence (gene-on) of thiamine to induce vpr and suppressor gene expressions.  Mitochondrial morphology and distribution were 
visualized microscopically 24 hours after gene induction by staining S. pombe cells with DASPMI. Scale bar: 5 µm.
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F34I mutants were associated with significantly reduced 
changes of mitochondrial morphology (Figure 4). However, 
discordance was also noticed. Even though expression of 
the E17D, R88K, or R90K mutants caused significant cell 
death, little (E17D and R90K) or no (R88K) mitochondrial 
morphologic changes were detected in cells expressing 
these mutants. These observations may suggest that cell 
death induced by the three Vpr mutants (E17D, R88K, 
and R90K) occurs through mechanisms other than the mi-
tochondria-dependent mechanism proposed above. These 
possibilities will be further explained in the Discussion 
section.

Overexpression of apoptotic suppressors of Hsp16 and 
Ef2 ameliorates cell death and mitochondrial morphology 
changes induced by Vpr

We show above that Vpr-induced cell death in fission 
yeast resembles the apoptotic process observed in mam-
malian cells. This suggests the interesting possibility that 
fission yeast may serve as a simple model organism for 
studying apoptosis. Further, yeast may potentially be used 
for large-scale screening of anti-apoptotic factors. Indeed, 
through genome-wide screenings of multicopy suppressors 
of Vpr-induced cell death in fission yeast, we have identi-
fied several fission yeast proteins (e.g. Hsp16, Hsp70, and 
Ef2) that can specifically block Vpr-induced apoptosis in 
mammalian cells [28-31]. As shown in Figure 5A, Vpr 
strongly inhibited colony formation under vpr-express-
ing conditions (Figure 5A - top left). When hsp16, ef2, or 
skp1 was co-expressed with vpr, however, cells regained 
their ability to form colonies under vpr-expressing condi-
tions (Figure 5A). Co-expression of hsp16 or ef2 with vpr 
restored cell survival to about 80-90%; expression of the 
Vpr suppressor skp1, which was identified through the same 
genome-wide screenings as Hsp16, revitalized about 70% 
of the vpr-expressing cells (Figure 5B). Therefore, these 
specific suppressors prevent cell death mediated by Vpr.

If fission yeast could be used as a simple model system 
to screen for anti-apoptotic factors, the colony-forming 
ability of yeast cells could be used as the primary indica-
tive marker for cell survival. It would be even better if 
another specific, mitochondria-dependent endpoint could 
also be used as an alternative simple marker. Measuring 
mitochondrial morphology offers an attractive assay due 
to its simplicity. To test this possibility, we were interested 
in seeing whether overexpression of hsp16, ef2, and skp1 
was also capable of correcting the aberrant organization 
of mitochondria induced by Vpr. As shown in Figure 5C, 
vpr gene expression in the RE007 cells induced formation 
of large mitochondrial aggregates (Figure 5C - top right). 
However, co-expression of hsp16 or ef2 with vpr restored 
the normal mitochondrial morphology and distribution, 

which are characterized by multiple small dots and tubular 
networks localized at the periphery of the cell (Figure 5C 
- top left and second row). Consistent with the incomplete 
suppressive activity of Skp1 toward Vpr, expression of skp1 
partially restored the normal organization of mitochondria 
within the vpr-expressing cells (Figure 5C - bottom row). 
Therefore, overproduction of apoptotic suppressors of 
Hsp16 or Ef2 not only prevented Vpr-induced cell death, 
but also corrected the mitochondrial abnormalities caused 
by Vpr. Skp1, a Vpr suppressor identified from a prior yeast 
screening, also has suppressive activity against the cell 
death and mitochondrial abnormalities induced by Vpr.

Discussion

We demonstrated here that Vpr-induced cell death in 
fission yeast resembles many aspects of mammalian apop-
totic-like cellular processes. To our knowledge, this is the 
first report that systematically describes the pro-apoptotic 
effects of Vpr in fission yeast in comparison with its effects 
in mammalian cells. Similar to the ramification of mam-
malian apoptosis, Vpr promotes both PS externalization 
and the production of ROS in fission yeast cells (Figures 
1 and 2); Vpr alters mitochondrial membrane potentials 
and produces accompanying changes of mitochondrial 
morphology and distribution within fission yeast cells 
(Figure 3). These findings suggest that fission yeast may 
offer a simple alternative model for the study of apoptosis 
generated through the mitochondria-dependent mechanism. 
We further suggest that the change of mitochondrial mor-
phology could potentially be used as a marker for testing 
the apoptotic-like processes in fission yeast. This proposi-
tion is further supported by our proof-of-concept studies, 
showing that the overexpression of Vpr suppressors ef2 
and hsp16, both of which suppress Vpr-induced apoptosis 
in mammalian cells [28, 31], not only prevent Vpr-induced 
cell death in S. pombe but also restore normal mitochondrial 
morphology and distribution (Figure 5).

Although it is still unclear whether budding or fis-
sion yeast offers a reliable model system for the study of 
apoptosis, apoptotic-like processes have been documented 
numerous times in both types of yeast [22, 24, 46, 47]. 
For instance, the expression of mammalian pro-apoptotic 
genes like Bak, Bax, and p53 in S. pombe and S. cerevisiae 
causes cell death [48-51]. This apoptotic-like cell death in 
yeast is characterized by such typical apoptotic features as 
chromatin condensation, DNA cleavage, PS exposure, and 
cytochrome c release from mitochondria [22, 52, 53]. The 
fact that Vpr triggers cell death in a manner that is remi-
niscent of apoptosis, as also shown in this study, provides 
an additional piece of evidence supporting fission yeast as 
a plausible model for the study of apoptosis.
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PS externalization is a sensitive marker for the early stages 
of apoptosis in both mammalian cells and budding yeast [34]. 
We show here that Vpr induces PS externalization in fission 
yeast, indicating the activation of a similar apoptotic signal. 
Externalization of PS as a result of apoptosis in mammalian 
cells is thought to be the signal by which apoptotic cells are 
recognized for phagocytosis [34]. However, the biologi-
cal significance of PS externalization in yeast is not fully 
understood. In mammalian cells, PS is synthesized in the 
ER and/or mitochondria-associated membranes. A similar 
pathway appears to operate in yeast [34]. Therefore, Vpr-
induced PS externalization in fission yeast may resemble 
a similar signaling process that triggers apoptosis in mam-
malian cells. Further investigation is certainly warranted 
to verify this finding.

Vpr-induced apoptosis is closely associated with the 
function of mitochondria, especially with mitochondrial 
membrane permeabilization in both mammalian cells 
and budding yeast (for reviews, see [9, 10, 54]). The first 
implication for a mitochondrial role in the Vpr effect actu-
ally arose from budding yeast. Macreadie et al. [55] found 
that expression of vpr at intermediate levels prevented 
cell growth on nonfermentable carbon sources like glyc-
erol. Since yeast with inactive mitochondria are unable to 
grow on glycerol but can grow on glucose, these observa-
tions indicated that Vpr inactivates yeast mitochondria. 
Subsequently, Jacotot et al. [7] presented direct evidence 
describing the role of MMP in Vpr-induced apoptosis in 
both human and yeast cells. It is now clear that Vpr in-
duces mitochondria-dependent apoptosis through direct 
interaction with the permeability transition pore complex 
(PTPC), where Vpr cooperates with the ANT to form large 
conductance channels and trigger change of the MMP. 
Thus, the induction of MMP through interaction with the 
PTPC appears to be a major mechanism for cell death 
induced by Vpr in mammalian and yeast cells. Consistent 
with these prior studies, we now show that Vpr affects 
mitochondrial membrane potential in fission yeast (Figure 
3A). However, it is currently unclear whether Vpr induces 
changes of mitochondrial membrane potential by the same 
mechanism in mammalian and budding yeast cells. It is 
notable that we show here that Vpr induces hyperpolariza-
tion of mitochondrial membrane potential in fission yeast. 
In previous studies, however, Vpr peptide has been shown 
to induce apoptosis through the induction of mitochondrial 
depolarization following binding to the ANT [6, 7]. A num-
ber of previous studies have demonstrated that both mito-
chondrial hyperpolarization and depolarization contribute 
to cytochrome c release and apoptosis. In fact, an initial 
rise in △ψ typically occurs before or simultaneously with 
cytochrome c release, preceding caspase activation and 
subsequent membrane depolarization [56-61]. Therefore, 

a plausible explanation suggests that an early effect of Vpr 
on the membrane potential was observed here in fission 
yeast and that the subsequent later event was detected in 
previous studies [6, 7].

The production of ROS plays a central role in mediating 
apoptosis in mammalian cells [62] and apoptotic-like cell 
death in yeast [22, 24]. Moreover, ROS-mediated apopto-
sis often correlates with the disruption of mitochondrial 
membrane potential [63, 64]. Thus the specific role of 
ROS in Vpr-induced apoptosis remains unclear. However, 
Vpr-mediated ROS production has not been reported in 
mammalian cells. We show here that Vpr promotes the 
production of ROS (Figure 2A, 2B), suggesting a possible 
link between Vpr-induced apoptosis and ROS. Noticeably, 
treatment of vpr-expressing cells with the use of oxygen 
radical scavengers (TMPO) did not completely block Vpr-
induced cell death as measured by colony-forming ability 
(data not shown). This observation indicates that a very low 
level of ROS may have been sufficient to cause cell death 
and mitochondrial changes, since TMPO did not completely 
abolish ROS production (Figure 2C). Alternatively, the 
generation of ROS may not be essential for inducing cell 
death, but it may rather act as a byproduct of the induction 
of apoptosis. 

Prior studies in our laboratory and others have demon-
strated that Vpr also kills budding and fission yeast, which 
exhibit some of the other characteristics expected for 
apoptotic cells in the process [27, 32, 55]. For example, one 
strong indication of fission yeast cell death after expression 
of vpr is the condensation of the chromatin around the pe-
riphery of the nucleus; such condensation is also seen in the 
early stages of apoptosis in mammalian cells [27, 65].

Altogether, the results of earlier studies together with 
ours provide strong evidence suggesting that Vpr-induced 
cell death in S. pombe resembles in many ways apoptosis 
caused by Vpr in mammalian cells. This strong similarity 
between fission yeast and mammalian cells in terms of the 
effects of Vpr on cell death supports the potential use of 
fission yeast as a model organism for studying apoptosis 
induced by Vpr or other similar apoptosis-inducing agents. 
The obvious advantage of using such a simple single-celled 
organism to study apoptosis arises from its potential for 
large-scale screening of pro-apoptotic or anti-apoptotic 
agents. The colony-forming ability or the inability of the 
fission yeast cells to grow could be used as a primary 
endpoint for initial screenings. However, an alternative 
and more specific endpoint will also be needed to further 
verify the initial findings before the factors of interest are 
confirmed in mammalian cells. We propose that the changes 
in mitochondrial morphology could serve as this simple 
alternative endpoint, especially for measuring apoptosis 
induced through the mitochondria-dependent mechanism. 
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Indeed, we have demonstrated as a proof-of-concept that 
the overexpression of Ef2 and Hsp16, two Vpr suppressors 
previously shown to suppress Vpr-induced apoptosis in 
mammalian cells [28, 29, 31], not only restored the colony-
forming abilities of the vpr-expressing cells (Figure 5A) but 
also re-established the normal morphology and distribution 
of mitochondria in those cells (Figure 5C).

Our previous mutagenesis studies of Vpr-induced cell 
death indicated that point mutations throughout the entire 
Vpr protein sequence affected the gene’s ability to kill 
cells [33], suggesting that a large part of the Vpr protein is 
required for its cell-killing capacity. Consistent with this no-
tion, positive correlations between Vpr-induced cell death 
and mitochondrial morphologic changes were also found 
in most of the Vpr mutants (Figure 4; Table 1). However, 
discordance was observed in three of the point mutations 
(E17D, R88K, and R90K). The underlying reason for these 
inconsistent results is currently unclear. One possibility 
is that Vpr has been shown to induce cell death via both 
mitochondria-dependent and mitochondria-independent 
pathways [27, 66]. In addition to the mitochondria-depen-
dent mechanism described in this manuscript, other cell 
death mechanisms like necrosis or the interruption of the 
nuclear membrane could also contribute to Vpr-induced cell 
death [19, 27]. Since cell death induced by Vpr could be 
mediated through other mechanisms involving mitochon-
dria-independent pathways or necrosis [9], it is possible 
that the strong cell death induced by these Vpr mutants 
is independent of the mitochondria. The R88K mutant is 
of particular interest: although it is lethal (90.5 ± 2.7% of 
cell killing) to fission yeast [33], no obvious changes in 
mitochondrial morphology were observed in cells express-
ing this mutant (Figure 4).

By using both colony-forming ability and changes of 
mitochondrial morphology as endpoints for screening sup-
pressors of Vpr-induced cell death in fission yeast cells, we 
have identified Skp1 as a new suppressor for Vpr-induced 
cell death (Figure 5). Similar to Hsp16, Hsp70, and Ef2, 
Skp1 was initially identified as a possible Vpr suppressor 
through a genome-wide screen of a fission yeast cDNA 
library. Based on protein sequence alignment, fission yeast 
Skp1 is most likely the homologue of mammalian glycogen 
synthase kinase-3 (GSK3). Roughly 60-64% of the protein 
sequences are identical, and 75-78% of the amino acids 
are positively correlated over the entire proteins. GSK3 
is a member of a highly conserved family of protein ser-
ine/threonine kinases that are involved in the regulation 
of a diverse array of cellular functions, including protein 
synthesis, cell proliferation and differentiation, microtu-
bule assembly/disassembly, and apoptosis (for reviews, 
see [67, 68]). However, the specific role of Skp1/GSK3 in 
apoptosis is unclear and complex [69]. In fact, GSK3 ap-

pears to play both pro- and anti-apoptotic regulatory roles. 
GSK3 promotes mitochondria-dependent apoptosis, but it 
inhibits apoptosis induced by the death receptor-mediated 
signaling pathway. Since GSK3 has two isoforms (α and 
β), it is currently unclear whether (a) both isoforms have 
the same regulatory activities on apoptosis or (b) each of 
the isoforms has its unique regulatory role in apoptosis. Fur-
ther characterization of fission yeast Skp1, its mammalian 
counterparts, and their role in Vpr-induced apoptosis will 
certainly shed light on the important regulatory mechanisms 
of Skp1/GSK3 in apoptosis.

Combining the results provided in this study with those 
from other previous studies, we would like to suggest 
fission yeast as a simple and reasonable model organism 
for studying pro- or anti-apoptotic functions of various 
apoptosis-inducing agents like HIV-1 Vpr. This proposition 
is based on the evidence illustrated here that Vpr-induced 
cell death in fission yeast resembles many aspects of the 
apoptotic processes in mammalian cells. More importantly, 
we have demonstrated that anti-apoptotic proteins, such 
as Ef2 and Hsp16, also suppress Vpr-induced cell death 
in fission yeast.

Materials and Methods

Yeast strains, plasmids, and media
All of the fission yeast strains used in this study are wild-type 

S. pombe strain SP223 (h- ade6-216 leu1-32 ura4-294) and its 
derivatives that have been reported previously. The MZ01 strain 
is SP223 transformed with pYZ1N-vpr [33, 41]. The RE007 strain 
(h- ade6-216 leu1-32 ura4-294::vpr(NL4-3)::ura4+) carries a single 
integrated copy of the vpr gene under the nmt1 promoter in the chro-
mosome of SP223 [28]. Details of the Vpr mutant panel have been 
described previously [33].

Cell growth and vpr gene induction in fission yeast cells
All of the fission yeast strains were grown in the EMM using 

standard culture techniques [70]. The vpr gene was expressed 
under an nmt1 (no message in thiamine) promoter as previously 
described [32, 71]. Cells carrying plasmids with the nmt1 promoter 
were maintained selectively in appropriately supplemented EMM 
with 20 µM thiamine. For gene induction, cells were first grown to 
the mid-log growth phase in the presence of 20 µM thiamine. Cells 
were then washed three times with distilled water and diluted to 
a final concentration of approximately 2 × 105 cells/ml in 5 ml of 
appropriately supplemented EMM with (gene-off) or without (gene-
on) thiamine. All cells were normally grown at 30 ºC with constant 
shaking at 200 rpm.

Measurement of Vpr-induced cell death by colony-forming 
ability

Colony-forming ability was used as a quantitative measurement 
of Vpr-induced cell death as previously described [27, 33]. Briefly, 
S. pombe cells containing vpr gene constructs were grown to the 
mid-log growth phase in the presence of 20 µM thiamine and washed 
three times with distilled water. Equal numbers of cells were plated 
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onto selective EMM plates with or without thiamine. Agar plates 
were incubated at 30 ºC for 3-4 days to obtain individual colonies. 
Colony-forming units (CFU) of vpr-expressing cells were calculated 
from the number of colonies that grew onto thiamine-free EMM 
plates as a percentage of the number of cells originally plated, cor-
rected by the plating efficiency of vpr-repressing cells. The plating 
efficiency of vpr-repressing cells ranged from 40% to 100% and 
was determined as the number of colonies obtained after plating a 
defined number of cells onto thiamine-containing EMM plates. Cell 
survival of vpr-expressing cells was quantified by using the same 
method described above, with the exception that vpr-expressing cells 
were plated 24 h after gene induction.

Annexin V staining
Annexin V staining was performed using the ApoAlert Annexin V 

Apoptosis kit (Clontech) as previously described [20, 22]. Briefly, vpr-
expressing and vpr-repressing cells were washed in sorbitol buffer 
(1.2 M sorbitol, 0.5 mM MgCl2, and 35 mM potassium phosphate, 
pH 6.8) and treated with zymolyase for 2 h at room temperature. 
Spheroplasts were then washed and resuspended in binding buffer 
(1.2 M sorbitol, 10 mM HEPES/NaOH, 140 mM NaCl, and 2.5 mM 
CaCl2). Staining with fluorescein-conjugated Annexin V and PI was 
performed simultaneously. A total of 2 µl of Annexin V-FITC and 2 µl 
of PI were added to 38 µl of cell suspension and then incubated for 
20 min at room temperature. The cells were harvested 32 and 48 h 
after gene induction, resuspended in binding buffer, and applied to 
microscope slides. The PI was used here as a control to ensure the 
integrity of the plasma membrane, since PI normally cannot pass 
through an intact plasma membrane [22].

Visualization of mitochondria and assessment of mitochon-
drial potential

Mitochondria in S. pombe were visualized microscopically us-
ing the vital dye DASPMI (Sigma) as previously described [43, 
72]. DASPMI was added to the culture at a final concentration of 
75 µg/ml, and cells were incubated at 36 ºC for 5 min. Cells were 
then harvested 24 h after gene induction, resuspended in EMM, and 
examined immediately with the fluorescence microscope. To assess 
mitochondrial potential (△ψm), vpr-expressing and vpr-repressing 
cells were treated with DiOC6(3) at a final concentration of 40 nM at 
30 ºC for 10 min and then subjected to Becton Dickinson FACScan 
analysis [63].

Fluorescence microscopy
A Leica DMR fluorescence microscope (DM4500B; Leica Mi-

crosystems) equipped with a high-performance camera (Hamamatsu) 
and OpenLab software (Improvision) was used for all imaging 
analyses. Living cells were observed under the microscope, and 
images were captured at various time points after vpr gene induction 
as indicated. The production of ROS was detected with the ROS 
indicator dye DHE (Sigma) or H2DCFDA (Invitrogen) [22, 24, 73]. 
DHE was added to the culture at a final concentration of 5 µg/ml after 
20.5 h of vpr induction. As an alternative procedure, H2DCFDA was 
added to the culture at a final concentration of 10 µg/ml after 22.5 h 
of vpr gene induction. Cells were also treated with the free radical 
spin trap reagent TMPO (Alexis Biochemicals) at a final concentra-
tion of 125 µg/ml, and cells were visualized for ROS production by 
using DHE [22, 24]. TMPO was added twice during the course of 
vpr expression. TMPO was first added to the culture when the cells 

were diluted to start vpr induction, and cells were treated again with 
TMPO when DHE was added to the culture [22].
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