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Abstract

Background

HIV-1 protease (PR) is an essential viral enzyme. Its primary function is to proteolyze the

viral Gag-Pol polyprotein for production of viral enzymes and structural proteins and for mat-

uration of infectious viral particles. Increasing evidence suggests that PR cleaves host cellu-

lar proteins. However, the nature of PR-host cellular protein interactions is elusive. This

study aimed to develop a fission yeast (Schizosaccharomyces pombe) model system and

to examine the possible interaction of HIV-1 PR with cellular proteins and its potential

impact on cell proliferation and viability.

Results

A fission yeast strain RE294 was created that carried a single integrated copy of the PR
gene in its chromosome. The PR gene was expressed using an inducible nmt1 promoter so

that PR-specific effects could be measured. HIV-1 PR from this system cleaved the same

indigenous viral p6/MA protein substrate as it does in natural HIV-1 infections. HIV-1 PR
expression in fission yeast cells prevented cell proliferation and induced cellular oxidative

stress and changes in mitochondrial morphology that led to cell death. Both these PR activi-

ties can be prevented by a PR-specific enzymatic inhibitor, indinavir, suggesting that PR-

mediated proteolytic activities and cytotoxic effects resulted from enzymatic activities of

HIV-1 PR. Through genome-wide screening, a serine/threonine kinase, Hhp2, was identi-

fied that suppresses HIV-1 PR-induced protease cleavage and cell death in fission yeast

and in mammalian cells, where it prevented PR-induced apoptosis and cleavage of cas-

pase-3 and caspase-8.

Conclusions

This is the first report to show that HIV-1 protease is functional as an enzyme in fission

yeast, and that it behaves in a similar manner as it does in HIV-1 infection. HIV-1 PR-

induced cell death in fission yeast could potentially be used as an endpoint for mechanistic

PLOS ONE | DOI:10.1371/journal.pone.0151286 March 16, 2016 1 / 22

OPEN ACCESS

Citation: Benko Z, Elder RT, Li G, Liang D, Zhao RY
(2016) HIV-1 Protease in the Fission Yeast
Schizosaccharomyces pombe. PLoS ONE 11(3):
e0151286. doi:10.1371/journal.pone.0151286

Editor: David N Levy, New York University College of
Dentistry, UNITED STATES

Received: January 15, 2016

Accepted: February 25, 2016

Published: March 16, 2016

Copyright: © 2016 Benko et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by the National
Institute of Neurological Disorders and Stroke,
National Institutes of Health (NIH-NINDS; NS063880)
and a research fund from the University of Maryland
Medical Center (to RYZ).

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0151286&domain=pdf
http://creativecommons.org/licenses/by/4.0/


studies, and this system could be used for developing a high-throughput system for drug

screenings.

Introduction
HIV-1 protease (PR) is an aspartic protease that is normally present as a homodimer with indi-
vidual subunits of 99 amino acids (12 kD) [1]. The active enzymatic site lies between the
identical subunits and can be blocked by specific and competitive PR inhibitors (PI) such as
indinavir (IDV) [2, 3]. The primary function of HIV-1 PR is to proteolyze the viral Gag-Pol
polyprotein for the production of viral enzymes (reverse transcriptase, PR, and integrase) and
structural proteins, as well as for the maturation of infectious viral particles [4–7]. Thus, PR is
an essential viral enzyme that contributes to viral reproduction. Because of the important role
of HIV-1 PR in HIV-1 infection, it is a major therapeutic target for antiretroviral therapies
(ARTs). Indeed, HIV-1 PI is currently the most potent class of anti-HIV drugs. Monotherapy
with PI alone can reduce HIV-1 viral loads by several logs [8]. When a PI drug is used in com-
bination with other classes of anti-HIV drugs to treat HIV-infected patients, HIV-1 viral loads
could be constrained to the lowest possible level, which often cannot be detected by conven-
tional laboratory methods.

Besides proteolysis of HIV-1 viral proteins, PR also cleaves host cellular targets, including
various cellular kinases [9–12], suggesting intimate interactions between HIV-1 PR and host
cellular proteins. In fact, among all of the HIV-1 proteins, PR has been associated with the
greatest number of host factors [9]. Although the molecular mechanism and virologic rele-
vance of these interactions are not fully understood at the moment, HIV-1 PR apparently
induces necrotic and apoptotic cell death in CD4+ T cells and other cell types, indicating that it
may, at least in part, contribute to CD4+ T cell depletion [13, 14]. There is also an intriguing
possibility that interactions between HIV-1 PR and host cellular proteins might represent
another viral strategy to evade host cellular and/or immune defenses [12]. Thus, the goal of
this study was to examine the possible interactions of HIV-1 PR with cellular proteins and the
impacts of these interactions on cell proliferation and viability.

Fission yeast (Schizosaccharomyces pombe) was chosen for the initial study for several rea-
sons. Fission yeast is a simple and unicellular organism with cellular functions that in many
ways resemble mammalian cells [15, 16]. For example, fission yeast has been used broadly as a
model system to study cell cycle regulation, chromosomal biology, and cell death/apoptosis,
and knowledge gained from this model organism has contributed significantly to the field of
cancer biology [17–20]. Fission yeast has also been used as a model system in our laboratory
and in others to study the effects of HIV-1 viral protein R (Vpr) on cell cycle G2/M regulation,
nuclear transport, and cell death/apoptosis. Many new aspects of this viral protein have been
revealed that would otherwise be difficult to discover simply by studying mammalian cells [21–
30]. In one of our recent efforts to systematically characterize viral proteins of the entire HIV-1
genome in fission yeast, HIV-1 PR exhibited a significant effect on yeast cell proliferation [31].
Since the effect of HIV-1 PR on fission yeast functions has not been reported previously, the
objective of this study was to study the effect of HIV-1 PR on cell proliferation and survival as
well as possible cellular protein-PR interactions in fission yeast. Potential implications of the
new findings learned from fission yeast on mammalian cells were also explored.
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Results

Expression of HIV-1 PR prevents cell proliferation and colony formation
in fission yeast
In one of our early genome-wide characterization studies of HIV-1 in fission yeast [31], HIV-1
PR appeared to affect cellular growth, suggesting that PR might be functional in fission yeast.
Thus, the objective of this experiment was to verify this possibility. To carry out this experi-
ment in a stable and physiologically relevant environment, a fission yeast strain RE294 was cre-
ated that carried a single integrated copy of the HIV-1 PR gene in its chromosome. Expression
of this gene was under the control of an inducible no message in thiamine 1 (nmt1) promoter.
(For details of RE294 construction, see Supplementary Material S1 Fig). Specifically, in the
presence of thiamine, the nmt1 promoter is repressed (gene-off), and when thiamine is
removed from the growth medium, the promoter is fully activated (gene-on) in about 14 to 16
hr [29, 32]. Indeed, as shown by western blot analysis in Fig 1A-a, a 12 kDa protein band,
which reacted specifically to an antiserum against HIV-1 PR, was clearly shown 24 hrs after
inducible expression of the HIV-1 PR gene (Lane 2), whereas no HIV-1 PR was seen in the PR-
repressing cells (Lane 1). Consistent with the timeframe of inducible HIV-1 PR gene expres-
sion, cells initially showed non-distinguishable growth kinetics between PR-off and PR-on cell
cultures; at 16 hrs after PR gene induction, however, the PR-off cells continued to grow expo-
nentially, while the PR-producing cells stopped (Fig 1A-b).

In our earlier report [31], we observed that overexpression of HIV-1 PR prevented yeast col-
ony formation. Here, we tested whether a single copy and stable expression of HIV-1 PR in the
yeast chromosome could prevent yeast colony formation on an agar plate. As shown in Fig 1A-
c, in the PR-suppressive medium, normal size colonies were seen (left), but when the same
amount of RE294 cells were plated on the PR-inducing medium, few or no colonies were
observed. In contrast, yeast colonies were formed under both gene-off and gene-on conditions
when an empty pYZ1N vector was expressed, suggesting the removal of thiamine has no effect
on colony formation. To further quantify the PR effect on colony formation, the same experi-
ment was repeated over time in liquid medium (Fig 1A-d). Briefly, RE294 cells were grown in
minimal medium with (PR-off) or without (PR-on) thiamine. An aliquot of the culture was col-
lected at the indicated time and plated onto the thiamine-containing agar plates. The percent-
age of cells that formed colonies was calculated from the number of colonies that grew from
the PR-on culture over the number of cells originally plated. Results showed that nearly 100%
of the PR-off cells formed colonies, whereas less than 20% of the PR-on cells formed colonies
18 hrs after gene induction, suggesting a strong correlation between the timing of PR gene
expression and the inhibition of yeast colony formation.

Expression of HIV-1 PR induces cellular oxidative stress, changes in
mitochondrial morphology, and cell death in fission yeast
We next tested whether prolonged expression of HIV-1 PR affected fission yeast cell viability.
A commercial yeast live/dead viability assay was used to determine the status of intracellular
metabolism [30, 33]. As shown in Fig 1B-a, when no PR was produced in fission yeast, cells
showed an orange-red color suggesting viable and actively respiring cells (Fig 1B-a, left). How-
ever, 24 hrs after the HIV-1 PR gene was induced, fission yeast cells turned a greenish-yellow
(Fig 1B-a, right), indicating cells were metabolically inert. These observations suggest that pro-
longed expression of HIV-1 PR induces cell death in fission yeast.

To explore the molecular mechanism underlying HIV-1 PR-induced cell death, possible
intracellular stress induced by HIV-1 PR was determined by the production of oxidative
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Fig 1. Expression of the HIV-1 PR gene prevents cellular growth and causes oxidative stress, changes of mitochondrial morphology, and cell
death in fission yeast. (A) Inducible expression of the HIV-1 PR gene in RE294 was detected 24 hrs after gene induction by western blot analysis (a). Lane
1, PR-repressing cells; lane 2, PR-inducing cells. Blot shows a 12-kDa protein band that specifically reacted to an antiserum against HIV-1 PR. Expression of
the PR gene induced cellular growth arrest in liquid medium (b) and prevented yeast colony formation on agar plates (c) and in liquid medium (d). PR-off, i.e.,
no PR protein production. PR-on, i.e., PR protein production. All cells were grown at 30°C, and the cell growth was measured at OD650 in the time period
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stress species (ROS) [22]. A ROS-specific dye, dihydroethidium (DHE), which produces red
fluorescence in the presence of ROS, was used to measure cellular oxidative stress in PR-
expressing cells. As shown in Fig 1B-b (right), 24 hrs after PR gene induction, strong red fluo-
rescence was detected in the PR-expressing cells, whereas little or no red fluorescence was
observed in the PR-repressing cells (Fig 1B-b, left), suggesting HIV-1 PR indeed induced
ROS in fission yeast.

Since HIV-1 PR induces apoptosis by interrupting mitochondrial functions in mammalian
cells [14, 34] and in fission yeast, and because changes in mitochondrial morphology have also
been correlated with an apoptosis-like process [22], we were interested to see whether PR has
any effect on the mitochondrial morphology of fission yeast cells. Morphology of fission yeast
mitochondria can be visualized by staining with a mitochondria-specific dye, 2-(4-dimethyla-
minostyryl)-1-methylpyridinium iodide (DASPMI) [22, 35]. Consistent with previous descrip-
tions of normal fission yeast mitochondrial morphologies [22, 36], mitochondria in the PR-
repressing cells (Fig 1B-c, left) appeared as tubular networks extending along the periphery of
the cell. In contrast, mitochondria aggregated almost randomly in the PR-expressing cells (Fig
1B-c, right), indicating abnormal mitochondrial morphologies. Therefore, PR indeed alters
mitochondrial morphology in S. pombe cells in ways that may correlate with PR-induced cell
death and apoptosis.

The protease inhibitor Indinavir suppresses HIV-1 PR-induced growth
inhibition and cell death in fission yeast
To test whether the observed inhibitory effect of HIV-1 PR on cellular growth and colony for-
mation was due to HIV-1 PR enzymatic activity, an FDA-approved HIV-1 PR inhibitor
drug, IDV (or Crixivan™), which specifically inhibits enzymatic activity of PR, was used to
test whether it could reverse the growth inhibition observed in fission yeast expressing HIV-1
PR. As shown in Fig 2A-a, when IDV was added to the PR-on agar plates at increasing con-
centrations between 40 and 400 μg/mL, colony formation was indeed restored, with the
colony sizes approaching the normal size. Consistently, normal cellular growth was also
completely restored when 100 μg/mL of IDV was added to the liquid PR-producing media
(Fig 2A-b).

To further ascertain whether treatment of PR-expressing cells with IDV could prevent HIV-
1 PR induced oxidative stress, changes in mitochondrial morphology, and cell death, the same
experiments as described in Fig 1B were conducted. The same concentration of IDV (100 μg/
ml) as described above was added to the HIV-1 PR-expressing cells before gene induction.
Twenty-four hours after gene induction, IDV had completely reversed the effects of HIV-1 PR
on ROS production, mitochondrial morphology, and cell viability (Fig 2B), suggesting that the
observed inhibitory and cytotoxic effects of HIV-1 PR are most likely due to its proteolytic
activities in fission yeast.

shown using a spectrophotometer. Pictures of agar plates were taken 6 days after incubation at 30°C under the indicated conditions. Error bars shown in (b)
of the growth assay represent at least three independent experiments. (B) HIV-1 PR expression induced cell death (a), oxidative stress (b), and mitochondrial
morphological changes (c) in fission yeast. Twenty-four hours after inducible PR expression, cell viability was measured by the yeast live/dead assay [30, 33]
(a). In this assay, viable cells are typically shown in orange-red color (left, PR-off); metabolically deceased cells are shown in green-yellow color (right, PR-
on). The production of reactive oxygen species (ROS) was measured by an ROS indicator dye DHE (b). Mitochondrial morphologies (c) were visualized by
staining fission yeast cells with a mitochondria-specific fluorescent probe, DASPMI, as previously described [22, 36]. Note that normal mitochondria appear
like a thread or necklace of multiple small dots concentrated around the edge a cell, at the growing ends of the cell, or as a tubular network extended along
the periphery of the cell (Fig 1B-b, left). In contrast, different sizes of mitochondrial aggregates that are situated almost randomly throughout the PR-
expressing cells are shown here, indicating changes in mitochondrial morphology (Fig 1B-b, right).

doi:10.1371/journal.pone.0151286.g001
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Fig 2. Growth inhibition and cell death induced by HIV-1 PR can be circumvented by IDV in fission yeast. (A) Treatment of HIV-1 PR-expressing
fission yeast cells with protease inhibitor IDV restored colony formation in a dose-dependent manner (a) and cellular growth over time (b). The concentration
of IDV that was added in (a) is shown, and 100 μg/mL of IDV was added to the PR-expressing cells in (b). All cells were grown at 30°C and cell growth was
measured by OD650 at the time point indicating using a spectrophotometer. Error bars shown in (b) of the growth assay represent at least three independent
experiments. (B) IDV prevents HIV-1 PR-induced oxidative stress, changes in mitochondrial morphology, and cell death. (a) Fission yeast cell death induced
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Target-specific enzymatic protein cleavage of indigenous viral proteins
by HIV-1 PR in fission yeast
In order to verify whether PR indeed functions as a protease and exhibits the same enzymatic
activities in fission yeast as it does in HIV-1 infection of mammalian cells, we developed a
“green fluorescent protein (GFP) re-localization assay” that allowed us to specifically measure
proteolytic activities of HIV-1 PR in fission yeast. In this assay, two GFP-p6/MA-Vpr gene
fusion constructs were generated (Fig 3A-a), with each encoding, from the 50 end, a GFP gene
for fluorescent detection, a short p6 or MA polypeptide containing a known HIV-1 PR enzy-
matic cleavage site [37, 38], and an HIV-1 vpr gene encoding the Vpr protein that predomi-
nantly localizes to the nuclear membrane of fission yeast [39]. Two different HIV-1 PR
cleavage sites in viral proteins MA and p6 were chosen for this study because the proteolytic
target of HIV-1 PR is not entirely peptide-specific. Often, seemingly unrelated peptide
sequences are cleaved and proteolyzed by HIV-1 PR, suggesting that recognition might be
based on geometric specificity, determined by residues lying in a specific position to make the
active target site accessible for cleavage [37]. Therefore, taking this target variability into con-
sideration, an HIV-1 MA polypeptide linker (DSQNY#PIVQ) that contained a natural PR
cleavage site between Y and P was included in the GFP-MA-Vpr construct (Fig 3A-c, left) [37,
38]. Similarly, a different HIV-1 p6 polypeptide linker (DSFNF#PQIT) was included in the
GFP-p6-Vpr construct (Fig 3A-c, middle panels). As a control, a similar gene fusion construct
(GFP-LF-Vpr) was created with a different protease cleavage substrate (KKKKVLPIEL-
NAATDK) placed between GFP and Vpr that is specifically cleaved by an anthrax protease
[40]. Therefore, by design, without PR, production of these fusion proteins in fission yeast
should produce a “ring-like” structure on the nuclear membrane because of Vpr, i.e., the “Vpr
pattern” (Fig 3A). Conversely, separation of GFP from Vpr as the result of PR cleavage at the
substrate polylinker site will lead to the “GFP pattern,” with uniform distribution throughout
the cell [39]. To make sure that expression of HIV-1 PR would not interfere with the subcellu-
lar distributions of GFP or Vpr, we examined the subcellular localizations of these two proteins
with or without HIV-1 PR. As seen in Fig 3A-b, no significant changes were observed between
the GFP and GFP-attached Vpr distributions in the presence or absence of PR, i.e., GFP was
still dispersed throughout the cells and GFP-attached Vpr was primarily seen on the nuclear
membrane under both conditions. Thus, we concluded that HIV-1 PR by itself does not affect
the intracellular localization of GFP or Vpr in fission yeast. Therefore, we were able to measure
the specific enzymatic activities of HIV-1 PR and substrate cleavages as designed.

Indeed, as expected, all three fusion proteins showed the “Vpr pattern” when no HIV-1 PR
was present (Fig 3A-c, upper rows). However, when the HIV-1 PR gene was expressed 20 hours
after gene induction, PR clearly cleaved the HIV-1 MA polypeptide linker (DSQNY#PIVQ) in
the GFP-MA-Vpr construct. The results showed that separation of Vpr from GFP led to re-
localization of GFP from the “Vpr pattern” to the “GFP pattern” (Fig 3A-c, bottom left). A simi-
lar transition from the “Vpr pattern” to the “GFP pattern” was also seen in the GFP-p6-Vpr
fusion protein (Fig 3A-c, bottommiddle). In contrast, the distribution of GFP remained in the
“Vpr pattern” with or without PR gene expression in the GFP-LF-Vpr construct, suggesting that
PR did not cleave the LF site (Fig 3A-c, right row).

To further confirm that the observed HIV-1 PR enzymatic activity was the same as that dur-
ing HIV-1 infection, the HIV-1 PR-specific enzymatic inhibitor IDV was used to block the

by HIV-1 PR, as shown by the yeast live/dead assay [30, 33], was prevented by adding 100 μg/mL of IDV before gene induction. Pictures were taken at 24
hrs after gene induction. ROS production (b) was detected and mitochondrial morphology (c) was observed using DHE and DASPMI as described in Fig 1.
Ctr, control, i.e., no IDV added; + IDV, 100 μg/mL of IDV was added prior to HIV-1 PR gene induction.

doi:10.1371/journal.pone.0151286.g002
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Fig 3. Target-specific enzymatic protein cleavage of indigenous viral proteins by HIV-1 PR and inhibition by IDV in fission yeast. (A) HIV-1 PR
specifically cleaves GFP-p6/MA-Vpr fusion protein constructs that contain indigenous cleavage sites of HIV-1 p6 or MA. (a) Schematic drawing to show the
rationale for tests of the proteolytic substrate specificity of HIV-1 PR in fission yeast. Green fluorescent protein (GFP) was distributed uniformly throughout
fission yeast cells, i.e., the “GFP pattern” [39, 65]. HIV-1 viral protein R (Vpr) localizes predominantly to the nuclear membrane and appears as a “ring-like”
structure, i.e., the “Vpr pattern” [39, 65]. (b) Expression of HIV-1 PR in fission yeast did not affect subcellular locations of GFP or HIV-1 Vpr-attached GFP.
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proteolytic HIV-1 PR activities in the GFP-p6-Vpr construct (Fig 3B). As shown in Fig 3A, a
clear “GFP pattern” was seen in the PR-expressing RE294 cells when no IDV was added (Fig
3B-a, top left), indicating that PR-mediated cleavage of GFP-p6-Vpr led to separation of GFP
from Vpr. However, the green fluorescence became more and more concentrated on the
nuclear membrane with increasing concentrations of IDV, from 2 μg/mL, 5 μg/mL, 12.5 μg/
mL, and 50 μg/mL to 100 μg/mL (Fig 3B-a). When the percentage of the “GFP pattern” was
determined and compared with the different doses of IDV, a significant and gradual decrease
in the “GFP pattern,” an indication of reducing PR enzymatic activity, correlated with the
increase in IDV dosage, suggesting dose-dependent inhibition of HIV-1 PR enzymatic activi-
ties by IDV (Fig 3B-b). Together, these data suggested that HIV-1 PR most likely displays the
same enzymatic activities in fission yeast as it does in mammalian cells.

The Hhp2 kinase is a novel PR suppressor that suppresses HIV-1 PR-
induced protease cleavage and cell death in fission yeast
In order to explore the molecular interactions of HIV-1 PR with cellular proteins, we searched
for possible fission yeast PR-suppressing proteins (PSPs) by overexpressing fission yeast genes
in the PR-carrying RE294 strain. Specifically, a genome-wide screen was launched using a fis-
sion yeast genomic cDNA library in RE294 cells expressing the PR gene. In principle, a PSP
could be identified by its suppressive activity against HIV-1 PR, leading to formation of yeast
colonies on a PR-inducing agar plate. At least 40,000 transformants, which statistically covers
the entire fission yeast genome, were screened. Eleven possible suppressor candidates were
identified. Their abilities to suppress HIV-1 PR were confirmed by reintroducing the corre-
sponding plasmids back into the parental RE294 fission yeast strain. Ten of the eleven plasmids
could suppress the PR effect, with one being a false positive. When those ten plasmids were
sequenced, all of them carried the hhp2 gene, with 6 unique cDNA fragments containing differ-
ent lengths of gene inserts (Fig 4A). The hhp2 gene encodes a protein that is made of 400
amino acids with a molecular weight of approximately 45.83 kD. It belongs to the casein kinase
1 (CK1) class of serine/threonine kinases [41].

The original suppressing strength of Hhp2 against HIV-1 PR was noted to be quite weak,
because relatively small colonies were seen on agar plates with co-production of HIV-1 PR and
Hhp2. To test whether higher levels of hhp2 gene expression could enhance the suppressive
effect, the hhp2 gene was cloned into plasmid pYZ1N and overexpressed in RE294. However,
full expression of hhp2 under the nmt1 promoter was toxic to cells (data not shown). Thus, we
had to reduce expression of hhp2 in subsequent suppression studies by adding 1 μM thiamine
to the growth media. Under this condition, as shown in Fig 4B, the Hhp2-producing cells
formed smaller colonies than the normal (gene-off) cells. Importantly, HIV-1 PR was still able
to block colony formation (Fig 4B, the second plate on the right), thus allowing us to test
the suppressive effect of Hhp2 on PR. Consistent with what we observed during the initial
genome-wide screenings, when PR and hhp2 were co-expressed, instead of seeing no colonies
on the PR-producing agar plates, small yeast colonies were seen (Fig 4B, right plate), suggesting
that Hhp2 restored colony formation by PR-producing yeast cells at least in part.

The top panel shows expression of GFP only; the bottom panel shows Vpr-attached GFP. (c) HIV-1 PR cleaves substrate linkers of HIV-1 MA (left) and p6
(middle), but not of LF (right). Cells were examined 20 hrs after PR gene induction. (B) IDV blocked the formation of the “GFP pattern” in a dose-dependent
manner in fission yeast. The GFP-p6-Vpr fusion product was used here. The IDV effect was measured 20 hrs after gene induction at increasing
concentrations as shown in (a). The percentage of cells exhibiting the GFP pattern, i.e., the putative protein cleavage of GFP-p6-Vpr fusion construct by HIV-
1 PR, was quantified and is shown in (b). An average of 100–200 cells was counted for each concentration. Scale bar: 10 μm.

doi:10.1371/journal.pone.0151286.g003
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Fig 4. A fission yeast protein kinase Hhp2 suppresses PR activities. (A) Fission yeast genome-wide
searches for multicopy suppressors of PR-induced cell death of fission yeast cells revealed six unique cDNA
clones out of ten isolates with overlapping open reading frame (ORF) of the hhp2 gene. The numbering and
relative positions of each nucleotide were derived from the SPAC23C4 cosmid of fission yeast. (B)
Overexpression of hhp2 restored colony formation in PR-expressing fission yeast cells. Expression of the
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Under the same hhp2 expressing condition, we tested whether Hhp2 could alleviate the pro-
teolytic activity of HIV-1 PR. The same GFP-p6-Vpr fusion construct as shown in Fig 3B was
used to measure the percentage of cells exhibiting the “the GFP pattern”, an indication of PR-
mediated cleavage, over time in the presence of Hhp2. As shown in Fig 4C, without Hhp2, PR
cleavage increased from about 70% to nearly 100% by 24 hrs after PR gene induction. Signifi-
cantly, about a 20–50% reduction in PR cleavage was observed during the same time period
when the hhp2 gene was co-expressed. Together, the data presented here showed that we iden-
tified a fission yeast Hhp2 kinase that is a novel PR suppressor and that specifically suppresses
HIV-1 PR-induced protease cleavage and cell death in fission yeast.

Hhp2 kinase suppresses HIV-1 PR-induced cell death and apoptosis in
mammalian cells
Previous studies have showed that HIV-1 PR induces apoptosis in CD4+ mammalian T-cells
[42, 43]. One of the unique features of PR-induced apoptosis is that it cleaves caspase-8 and
generates a distinctive fragment of casp8p41, which in turn leads to stimulation of an apoptotic
signaling cascade that involves loss of mitochondrial transmembrane potential and activation
of caspase-9 and caspase-3 [42, 43]. Thus casp8p41 is specific to HIV-1 PR-induced cell death
of infected CD4+ T cells. To test whether HIV-1 PR induces apoptosis in HeLa cells and shows
the same unique features as in CD4+ T cells, we tested the effect of HIV-1 PR by expressing PR
via a CMV promoter carried on the pIRES2-EGFP plasmid. Production of the PR protein in
HeLa cells was first confirmed by western blot analysis. PR-induced apoptosis was then exam-
ined by Annexin V staining and detected by flow cytometry and the caspase cleavages were
confirmed by western blot analysis. As shown in Fig 5A-a, 24 hrs after PR gene expression, the
percentage of apoptotic cells (top right quadrant) increased significantly from 13.45 ± 1.48% to
30.98 ± 10.33% in comparison with that of the vector control, suggesting that HIV-1 PR indeed
causes apoptosis in HeLa cells.

Since casp8p41 is specific to HIV-1 PR-induced cell death of infected CD4+ T cells [43], we
next tested whether HIV-1 PR could also induce a similar casp8p41 protein product in HeLa
cells. Possible cleavages of caspase-8 and caspase-3 were detected by western blot analysis. As
shown in Fig 5A-b, following PR gene expression, a relatively weak protein band right under-
neath capase-8 with a molecular weight of approximately 41 kD appeared in the PR-producing
cells (Lane 2), whereas no cleaved protein band was seen underneath capase-8 of the control
cells (Lane 1). Note that even though the 41-kD protein band was relatively weak, suggesting
low cleavage efficiency of its precursor, production of this protein band was reproducible. Con-
sistently, a cleaved product of caspase-3 was also seen in the PR-producing cells, whereas no
capase-3 cleaved product was observed in the control HeLa cells. Together, these data suggest
that HIV-1 PR also induces cell death and apoptosis in HeLa cells with the same characteristic
generation of casp8p41.

hhp2 gene was induced at lower levels with 1 nM thiamine added to the media. Under this condition, HIV-1
PR still prevented colony formation as shown. Ctr, an empty pYZ1N plasmid control.Gene-off, no HIV-1 PR
or Hhp2 protein production;Gene-on, i.e., PR protein production in the presence of Hhp2 or an empty plasmid
vector. Agar plates were incubated at 30°C under the indicated conditions for 6 days before pictures were
taken. (C) Overexpression of hhp2 reduced the percentage of cells showing the GFP pattern over time. The
GFP-p6-Vpr fusion product was used here. The Hhp2 effect was measured over time after gene induction as
indicated. The percentage of GFP pattern, i.e., the putative protein cleavage of GFP-p6-Vpr fusion construct
by HIV-1 PR was quantified and is shown in (b). Error bars shown in (C) represent results of at least three
different experiments with an average of 100–200 cells counted at each time point.

doi:10.1371/journal.pone.0151286.g004
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Fig 5. Hhp2 suppresses PR-induced cell death and apoptosis in HeLa cells. (A) Expression of HIV-1 PR induces apoptosis in HeLa cells. Apoptosis
were detected by staining with Annexin V and FACScan analysis as previously described [64]. The percentage of apoptotic cells was measured in HeLa cells
24 hrs after transfection of a control (Ctr) pIRES2-EGFP plasmid (left) or a PR-containing pIRES2-EGFP-PR plasmid (right). The average number ± SD of
apoptotic cells are shown in the top right quadrant (a), using data from at least three independent measurements. (b) Expression of HIV-1 PR induced
caspase-3 and caspase-8 cleavage in HeLa cells as shown by western blot analyses performed as previously described [25]. Lane 1, HeLa cells transfected
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Because fission yeast Hhp2 suppresses PR-induced cell death in fission yeast, we were inter-
ested in testing whether Hhp2 could also suppress PR-induced cell death and apoptosis in
HeLa cells. The hhp2 gene was cloned into the mammalian expression vector pcDNA3.1 and
expressed in HeLa cells with selection by hygromycin B. Because there are no specific antibod-
ies against yeast Hhp2, expression of hhp2 gene in HeLa cells was first confirmed by measuring
hhp2mRNA transcripts in an RT-PCR analysis (Fig 5B-a). HeLa cells were then transfected
with the PR-expressing vector pIRES2-EGFP-PR. As a control, an equal amount of HeLa cells
were transfected with an empty pIRES2-EGFP plasmid. The effect of hhp2 on PR-induced cell
death was evaluated by staining cells with Trypan blue (Sigma-Aldrich). Trypan blue-negative
cells are viable cells, whereas Trypan blue-positive cells are dead cells [44]. To measure the
Hhp2 effect on cell death, the percentage of dead cells were calculated by counting the numbers
of blue cells over the total cells. As shown in Fig 5B-b, 24 hrs after gene expression, HIV-1 PR
killed about 21.23 ± 2.56% of the HeLa cells. In contrast, 7.76 ± 2.61% dead cells were detected
in the presence of Hhp2. A very similar suppressive effect of Hhp2 on PR-induced apoptosis
(19.88 ± 6.34% vs. 7.10 ± 3.51%) was also observed when those cells were stained with Annexin
V (Fig 5B-c). Consistent with the suppressive effect of Hhp2 on HIV-1 PR-induced cell death
and apoptosis, the western blot analyses further showed that expression of hhp2 in the PR-pro-
ducing HeLa cells also reduced the cleavage levels of caspase-3 and generation of casp8p41 (Fig
5B-d, lane 4 vs. lane 3). A quantitative comparison showed that there was a statistically signifi-
cant reduction in the cleaved caspase-3 and casp8p41 products of the HIV-1 PR-expressing
cells with and without Hhp2, compared to the control (Fig 5B-e). Therefore, the combined
data suggest that fission yeast Hhp2 kinase indeed suppresses, at least in part, HIV-1 PR-
induced cell death and apoptosis in HeLa cells.

Discussion
In this study, we demonstrated for the first time that HIV-1 protease is functional in fission
yeast and behaves in a similar manner as it does in mammalian cells. Specifically, HIV-1 PR
proteolyzed two HIV-1 viral proteins (p6 and MA) at the same substrate cleavage sites as it
does in HIV-1 infection of mammalian cells (Fig 3A) [38], whereas it did not proteolyze the LF
protease substrate of Bacillus anthracis [40]. The fact that HIV-1 PR specifically proteolyzed
two different types of indigenous HIV-1 viral substrates in fission yeast suggests that the
observed cleavage of GFP-p6/MA-Vpr were indeed due to the enzymatic activities of HIV-1
PR. This notion was certainly supported by the fact that both of these PR-mediated protein
cleavages were prevented by a PR-specific enzymatic inhibitor, IDV (Fig 3B).

Similar to the PR-induced cell death and apoptosis in mammalian cells, production of PR in
fission yeast prevented cell proliferation and caused cell death in a manner that was reminis-
cent of apoptosis (Fig 1) [22, 27]. This showed that HIV-1 PR not only triggered ROS produc-
tion, an indication of oxidative stress, but that it also caused changes in mitochondrial
morphology that are linked to apoptosis [22, 36]. Indeed, we further showed that, when the

with a control plasmid; lane 2, PR-expressing transfected HeLa cells. The analysis was carried out 48 hrs after plasmid transfection. (B) Hhp2 suppresses
PR-induced cell death and apoptosis in HeLa cells. Since no specific antibody against Hhp2 was available, to confirm hhp2 gene expression in HeLa cells,
hhp2 gene transcription was measured by RT-PCR and detected on agarose gel as shown in (a). Lane 1, HeLa cells transfected with a control plasmid; lane
2, hhp2-expressing HeLa cells. The gel shows the 1.2-kb hhp2 cDNA that was amplified. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as an internal control. The suppressive effect of Hhp2 on HIV-1 PR-induced cell death and apoptosis was also quantified 24 hrs after gene expression using
a Trypan blue assay (b) and Annexin V staining (c), respectively. The average numbers ± SD of dead cells are shown, the error bars represent results of at
least three independent measurements. The effect of Hhp2 on HIV-1 PR-mediated caspase-3 and caspase-8 cleavage was detected by western blot
analysis as shown in (d) and quantified in (e). A statistical t-test was used to determine whether there was a significant difference in the cleavage of caspase-
3 and caspase-8 taking place in the control HeLa cells and HIV-1 PR-expressing cells, with or without Hhp2. p-values less than 0.01 were considered
statistically significant.

doi:10.1371/journal.pone.0151286.g005
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HIV-1 PR gene was expressed in HeLa cells, PR also induced cell death and apoptosis as previ-
ously reported [43, 45–47]. Consistent with what was shown in infected CD4+ T cells, HIV-1
PR also cleaved capase-8 and produced the characteristic casp8p41 fragment in HeLa cells (Fig
5A-b and 5B-d) [13, 43]. Interestingly, a recent report showed that HIV-1 PR localizes in mito-
chondria, where it interacts with a cellular protein, breast carcinoma-associated protein 3
(BCA3), and triggers apoptosis by proteolytic cleavages of the mitochondrial proteins Tom22,
VDAC, and ANT, leading to the release of apoptosis-inducing factor and a decrease in the
mitochondrial membrane potential [14]. At present, the molecular mechanism underlying
HIV-1 PR-induced cell death and apoptosis is still elusive. However, these cell killing activities
are clearly due to interactions between HIV-1 PR and host cellular proteins, presumably
because its proteolytic activities. This notion was clearly supported by our study showing that
both PR-mediated protein cleavage and PR-induced cell death can be circumvented by the PR-
specific enzymatic inhibitor IDV, suggesting that HIV-1 PR’s effects were probably mediated
through its enzymatic activities.

The activities of HIV-1 PR have previously been described in budding yeast (Saccharomyces
cerevisiae) [45]. In that study, the expression of HIV-1 PR arrested yeast growth that was fol-
lowed by cell lysis. The lytic phenotype included loss of plasma membrane integrity and cell
wall breakage, leading to the release of cell contents into the medium [45]. Interestingly, even
though HIV-1 PR also prevented cell proliferation and induced cell death in fission yeast [31]
(Fig 1), no clear cell lysis was observed. The differences between the two yeasts could poten-
tially be explained, at least in part, by the relative thicker cell wall of fission yeast. Nevertheless,
the observed cell death by cell lysis shown in budding yeast was probably due to the proteolytic
activity of HIV-1 PR, because, in another study, a battery of HIV-1 protease inhibitors, includ-
ing IDV, were used, showing that they indeed prevented cell lysis-induced cell death [48]. Dif-
ferent from the budding yeast study, however, we directly demonstrated that HIV-1 PR
displays the same enzymatic activity as it does during HIV-1 infection of mammalian cells by
cleavage its indigenous viral targets [37, 38] (Fig 3). Furthermore, we showed that HIV-1 PR-
induced cell death in fission yeast resembles apoptosis of mammalian cells [22, 36], and both
PR-induced proteolytic cleavage of protein targets and PR-induced cell death can be prevented
by the specific PR inhibitor IDV (Figs 1B and 2B), Together, our data suggested that HIV-1 PR
functions in a very similar fashion in fission yeast as it does in mammalian cells.

Through a protein-protein interaction analysis, HIV-1 PR has been shown to interact with
many cellular proteins [9]. However, the functional relevance of those interactions is currently
unknown. To explore possible functional interactions of HIV-1 PR with cellular proteins, we
conducted a genome-wide screening for multicopy suppressors of PR-induced cell death and
identified a protein kinase Hhp2 that, when it was expressed at the proper level, suppressed
PR-induced cell death and protein cleavage in fission yeast (Fig 4). A similar suppressive effect
of Hhp2 on PR-induced cell death and apoptosis was also observed in mammalian cells (Fig
5A). Hhp2 is a highly conserved serine/threonine kinase, which is one of the two isoforms of
CK1 in fission yeast. It also shares significant sequence identities with budding yeast Hrr25p
and human CK1α kinase [41, 49]. However, the molecular and suppressive action of Hhp2
toward HIV-1 PR is at present unknown. The fact that Hhp2 suppressed both PR-mediated
protein cleavage and cell death/apoptosis suggests that Hhp2 might suppress HIV-1 PR
directly. There are a number of possible molecular mechanisms that might underlie the sup-
pressive effect of Hhp2 on HIV-1 PR. First, since Hhp2 is a kinase, Hhp2 could potentially
inhibit the PR activities by phosphorylation. Although we have yet to find specific evidence of
inhibition of HIV-1 PR by phosphorylation viaHhp2 or its mammalian homologs, another
kinase, CK2, was shown to increase the PR phosphorylation in vitro [10]. Second, Hhp2 could
inhibit HIV-1 PR by binding to PR directly. This is certainly possible, because HIV-1 PR binds
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to many cellular proteins, including BCA3 [9, 14]. The PR-BCA3 interaction elevates the level
of pro-apoptotic Bax protein in cells, leading to HIV-1 PR-mediated apoptosis [14]. Finally,
Hhp2 could be a direct cellular cleavage target of HIV-1 PR that induces cell death and/or apo-
ptosis. Supporting evidence include reports showing that HIV-1 PR specifically cleaves other
serine/threonine kinases, including the NDR1 and NDR1 kinases [11], receptor-interacting
protein kinase 1 (RIPK1), and RIPK2 in CD4+ T cells during HIV-1 infection [12]. Most inter-
estingly, interfering with the viral life cycle at different stages by the addition of specific inhibi-
tors against PR completely prevented RIPK1 and RIPK2 cleavage. Since both of these two
kinases contain conserved domains that are important for apoptosis, necrosis, and innate
immunity, these findings indicate that RIPK1 and RIPK2 are targets for HIV-1 PR activity dur-
ing HIV-1 infection and that their inactivation may contribute to cell death and modulation of
host defenses by HIV-1 [12]. Conceivably, a similar interaction of HIV-1 PR with the mamma-
lian homologs of Hhp2 could also be present in HIV-infected cells. Since we now know that
Hhp2 is involved in PR-induced cell death and apoptosis, under this scenario, a mammalian
homolog of Hhp2 could potentially be part of the cellular signaling pathway for PR-mediated
induction of cell death and/or apoptosis in mammalian cells. Indeed, earlier reports have
shown that targeted inhibition of CK1α, a mammalian homolog of Hhp2, by a CK1-specific
inhibitor resulted in cell death [50, 51]. Thus, it would be interesting to test these possibilities
in future studies.

Besides facilitating studies on the interactions of HIV-1 PR with cellular proteins as
described in this study, the development of a fission yeast model system for HIV-1 PR could
have additional advantages or applications. For example, fission yeast is a simple and unicellu-
lar organism with cellular functions that in many ways resemble those of mammalian cells [15,
16]. Thus, knowledge learned from this model organism about HIV-1 PR could allow new
aspects of this viral protein to be uncovered that may not be readily revealed simply by study-
ing mammalian cells. With this demonstration of the functional relevance of HIV-1 PR in
fission yeast, high-throughput systems for future drug discovery against HIV-1 proteases, espe-
cially those that confer drug resistance to the current antiretroviral regimens, could also be
developed. The advantages of using this type of cell-based high-throughput drug screening sys-
tem include its cost-effectiveness, the ability to screen drugs in a non-infectious environment,
and the ability to preclude those compounds that are toxic to cells.

Materials and Methods

Fission yeast strains and mammalian cells
A commonly used wild-type fission yeast (S. pombe) strain SP223 (h-, ade6-216, leu1-32, ura4-
294) was used in this study [52]. RE294 is a derivative of SP223, which was generated during
this study and contains a single integrated copy of the HIV-1 PR gene at the nmt1 gene locus
(See Supplementary Material S1 Fig). HIV-1 PR gene expression is under the control of an
inducible no message in thiamine (nmt1) promoter and a kanr gene adjacent to it confers
resistance to the drug geneticin (G418). Specifically, gene expression can be fully induced or
repressed in the absence or presence of 20 μM thiamine, respectively [32, 53]. Reduced gene
expression can also be achieved by addition of thiamine at a less than 20 μM concentration
(our unpublished data). Standard complete yeast extract with supplement (YES) medium,
Edinburgh Minimal Medium (EMM), and Pombe Glutamate Medium (PMG) supplemented
with adenine, uracil, leucine, thiamine (20 μM), or G418, when necessary, were used for yeast
cell growth and plasmid selection. A protease inhibitor indinavir (IDV, Crixivan™), which is a
FDA approved drug for antiretroviral therapy, was used at the concentrations indicated in this
study to suppress HIV-1 PR enzymatic activities.
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A human cervical epithetical HeLa cell line [21] was used to characterize HIV-1 PR activities
in mammalian cells. HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS).

Plasmid vectors and molecular cloning
The fission yeast expression plasmid vectors pYZ1N or pYZ3N, which have been previously
described [39, 54], were used in this study for gene expression studies. Both plasmids carry a
thiamine repressible nmt1 promoter, allowing the gene of interest to be expressed in an induc-
ible manner. The plasmids pYZ1N and pYZ3N (for GFP-fusion) carry a leu2 gene as a selection
marker. A fission yeast genomic library (a gift from Dr. Anthony Carr), cloned into the plasmid
pUR18 carrying an ura4 selection marker [55], was used to screen for multi-copy suppressors
of HIV-1 PR in fission yeast. The identified HIV-1 PR suppressor gene, hhp2, was subsequently
re-cloned into the inducible gene expression vector pYZ1N. All yeast plasmid transformation
was done by electroporation using the BTX Electro Cell Manipulator (ECM) 600 System proto-
col 0226 [56].

The mammalian gene expression plasmid pcDNA3.1 (Invitrogen), which carries a hygro-
mycin B-resistant gene, was used to clone the fission yeast hhp2 gene, and its expression in
mammalian cells was selected under 200 μg/mL of hygromycin B. The HIV-1 PR gene, which
was obtained from the HIV-1 carrying plasmid pNL4-3, was cloned into the mammalian
expression vector pIRES2-EGFP (Clontech) that carries a neomycin resistance gene.

Fission yeast assays
To measure cellular growth and gene induction in fission yeast cells, standard culture tech-
niques were used [29, 57]. Briefly, all fission yeast cells were grown either in the minimal EMM
or PMGmedia. Cells carrying plasmids with the nmt1 promoter were maintained selectively in
appropriately supplemented media with 20 μM thiamine to silence gene expression. For gene
induction, cells were first grown to 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/PMGmedia
with (gene-off) or without (gene-on) thiamine. All cells were routinely grown at 30°C with con-
stant shaking of 250–300 rpm. Cell growth was measured at each time point either by manual
counting of cell numbers or by automated measurement of the optical density (OD650) using a
spectrophotometer.

A fission yeast colony-forming ability [58, 59] assay was used to investigate the effect of the
PR gene expression on fission yeast cell proliferation and viability. Briefly, RE294 cells were
prepared the same way as described above for yeast cell growth. An aliquot of PR-on or PR-off
liquid culture was collected at the indicated time points after PR gene induction and was plated
onto the thiamine-containing (PR-off) agar plates. The effect of PR on colony-forming ability
was evaluated 6 days after plating by comparing the colony sizes between plates with or without
PR production. An empty pYZ1N vector was also used as a control. The percentage colony for-
mation at each time point was calculated from the number of colonies that grew from the PR-
on culture as a percentage of the number of cells originally plated, which was further calibrated
by the plating efficiency of the PR-off culture.

HIV-1 PR-induced cell death in RE294 was measured using a commercial live/dead yeast
viability kit (Cat. No. L-7009; Invitrogen, Carlsbad, CA) [59–61]. Briefly, thiamine was
removed from a logarithmic-phase cell culture as described above. The cells were then diluted
to a concentration of 4 × 104 cells/mL, and re-suspended in PMGminimal medium supple-
mented with or without thiamine to suppress or induce HIV-1 PR gene, respectively. The cell
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cultures were grown at 30°C with constant shaking at 300 rpm, collected at 24 hours, and resus-
pended in the GH solution (2% D-(+)-glucose +10 mMNa-HEPES, pH 7.2). A 50-μL aliquot
of FUN-1 solution (80 μM) was added to an equal volume of cell suspension. The suspension
was further incubated at 30°C for 45 minutes. About 3 μL of the suspension was applied onto a
glass slide, covered with a coverslip, and sealed with wax. The cell viability status was examined
using a Leica DM fluorescent microscope with a 11001v2 long path Chroma filter cube. Typi-
cally, actively respiring cells are marked clearly with orange-red fluorescent structures at a
maximum wavelength of approximately 590 nm, whereas metabolically insert or dead cells
exhibit bright, diffuse, green-yellow fluorescence at a maximum wavelength of approximately
540 nm [59, 60]. FUN1-stained cell images were collected at the excitation wavelength of
470 ± 20 nm with red, green, and blue filters set to generate color images by fluorescence
merging.

Induction of cellular oxidative stress by HIV-1 PR was determined by the production of
ROS, which was detected by an ROS-specific dye, dihydroethidium (DHE, Sigma) that pro-
duces red fluorescence in the presence of ROS as described previously [22, 31, 62]. Cells were
grown as described above. Twenty-four hours after PR expression, DHE was added at a con-
centration of 5 μg/mL, and ROS were detected by fluorescence microscopy.

The mitochondrial morphology of fission yeast was visualized using a vital dye, 2-(4-
dimethylaminostyryl)-1-methylpyridinium iodide (DASPMI, Sigma), as previously described
[22, 36]. Cells and HIV-1 PR gene expression were induced for 24–36 hrs as described above.
Prior to observation, DASPMI was added to the culture at a final concentration of 75 μg/mL.
Cells were incubated at 36°C for 5 min, recovered by centrifugation in a microcentrifuge for 30
sec at 500 g, resuspended in 20 μL of YES, and then examined immediately with the fluores-
cence microscope (L5 filter) at an excitation wavelength of around 470 nm and emission wave-
length of 560–570 nm.

Fluorescence microscopy
A Leica fluorescence microscope DMR4500B equipped with a high performance CCD camera
(Hamamatsu) and Open-Lab software (Improvision, Inc., Lexington, MA) was used for all
imaging analyses. Fission yeast cells were collected onto a regular glass slide and covered with a
cover slip. For the observation of green fluorescence, we used a Leica L5 filter with excitation of
480/40 and emission of 527/30. For red fluorescence, we used a Leica N2.1 filter with excitation
of 537.5/22.5 and emission of LP590. To observe green-yellow fluorescence, we used a Leica
YFP filter with excitation of 500/20 and emission of 535/30.

Measurement of HIV-1 PR activity and substrate specificity in fission
yeast
To test whether HIV-1 PR can recognize and cleave the same viral protein recognition sites in
fission yeast as it does during HIV-1 infection of mammalian cells, we developed a GFP re-
localization assay that allowed us to specifically measure proteolytic activities of HIV-1 PR.
Briefly, two “GFP-p6/MA-Vpr” gene fusion constructs were generated in the fission yeast
expression vector pYZ3N [39, 54], each encoding GFP for fluorescent detection, an HIV-1
PR enzymatic cleavage site that was derived from the HIV-1 MA-CA or the p6-PR cleavage
sequence [38], and the HIV-1 Vpr protein that is predominantly localized to the nuclear mem-
brane in fission yeast [39] (also see Fig 3A). Consequently, expression of the fusion protein
without protease cleavage will appear predominantly as a “ring-like” structure on the nuclear
membrane because of a property of Vpr, i.e., the “Vpr pattern” [39]. In contrast, separation of
GFP from Vpr due to PR cleavage at the substrate site leads to the “GFP pattern,” with uniform
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distribution throughout the cell [39]. As a control, a similar fusion construct (GFP-LF-Vpr)
was created with a polypeptide of anthrax lethal factor (LF) that contains a substrate of a Bacil-
lus anthracis protease [40]. To examine PR enzymatic activity, the fission yeast cells were pre-
pared as described above and collected 20 hrs after gene induction. The percentage of protein
cleavage by HIV-1 PR (% of the GFP pattern) was calculated as the number of cells showing
dispersed distribution of GFP throughout the cell (an indication of PR cleavage), i.e., the “GFP
pattern” over the entire cell population.

Genome-wide screening for multicopy suppressors of HIV-1 PR in
fission yeast
A genome-wide search for multicopy suppressors of HIV PR was carried out by transforming
a fission yeast expression cDNA library carried on the pUR18 plasmid [55] into the strain
RE294. Fission yeast genes in the cDNA library were constitutively expressed from their own
indigenous promoters, and modest overexpression was expected with the estimated plasmid
copy number of 5–10 per cell. Expression of the PR gene in RE294 was under the control of an
inducible nmt1 promoter [32, 63]. To search for potential PR suppressors, at least 40,000
RE294 transformants containing plasmids that presumably cover all of the fission yeast cDNAs
were spread on EMM agar plates deprived of thiamine (EMM-T). The criterion used to identify
suppressors of HIV PR-induced cell death was the ability of a fission yeast transformant to
form colonies on PR-inducing plate as previously described [21]. Therefore, colonies formed
following gene expression were transferred to a YES agar plate supplemented with 200 mg/L of
G418 to eliminate those cells that might have lost the PR gene (revertants). Cells that still main-
tained their colony forming ability were replicated on the EMM-T inducing media to retest
their growth ability. Transformants that could still form colonies were identified as possibly
having a plasmid that contained a PR suppressor in their cDNA insert. Lastly, the suppressing
ability was confirmed by isolating the corresponding cDNA-carrying plasmids and reintroduc-
ing them back into the parental RE294 strain. An equal amount of transformants was spread
on both repressing (PR-off) and inducing (PR-on) PMG plates supplemented with 300 mg/L of
G418. The plasmid pYZ1N was used as a negative control. The suppressing plasmid cDNA
inserts were then sequenced, and their putative gene functions were identified using Basic
Local Alignment Search Tool (BLAST) homology searches of S. pombe genome databases.

Mammalian cell assays
The effect of hhp2 on PR-induced cell death was measured by staining HeLa cells with Trypan
Blue, a dye that was used to specifically detect metabolically inert cells 24 hrs post-gene expres-
sion. The percentage of blue cells, dead cells, was determined under the microscope. The final
counting results were calibrated by excluding the background and cytotoxicity caused by
Hhp2. Two additional assays were used to measure HIV-1 PR-induced apoptosis in mamma-
lian cells. The first method was Annexin V-PE staining using the BD Pharmingen PE Annexin
V Apoptosis Detection Kit I (Cat. No. 559763, BD Biosciences, San Jose, CA) [22, 64]. Briefly,
24 hours after PR gene expression, aliquots of the transfected cells were collected and subjected
to Annexin V staining and flow cytometric analysis. The staining was performed according to
manufacturer’s protocol. Annexin V-PE fluorescent signals were detected using a Becton-Dick-
enson flow cytometer and analyzed with Cell Quest software. The percentage of apoptotic cells
was calculated by excluding the background and cytotoxicity caused by Hhp2. The second
method to measure HIV-1 PR-induced apoptosis was measuring the possible cleavages of pro-
apoptotic proteins such as caspase-3 and caspase-8 [42, 43]. Forty-eight hours after PR gene
expression, the transfected cells were collected and the levels of caspase-3 and caspase-8 were

HIV-1 Protease in Fission Yeast

PLOS ONE | DOI:10.1371/journal.pone.0151286 March 16, 2016 18 / 22



measured by western blot analysis [25]. The antibodies used were caspase-8 (1C12) mouse
mAb (Cat#9746, Cell Signaling Technology), cleaved caspase-3 (Asp175) (5A1) rabbit mAb
(Cat#9664, Cell Signaling Technology), and anti-β-actin mouse mAb (A2228, Sigma-Aldrich),
which was used as a control. HIV-1 protease antiserum (Cat number: 4105) was obtained
from NIH AIDS Reagent Program. A semi-quantitative RT-PCR assay to detect hhp2mRNA
expressed in HeLa cells was performed using the SuperScript™ One-Step RT-PCR System (Cat.
No. 10928–034, Invitrogen). The primers used were: 5'- ACG GTT GTT GAC ATT AAG -3'
and 5'- AGG AGC TGG TTC TTC ATC -3'.

Supporting Information
S1 Fig. Construction of HIV-1 PR-carrying fission yeast strain RE294. The schematic dia-
gram shows the process of creating a fission yeast strain that contains in its chromosome an
integrated copy of the HIV-1 PR gene at the nmt1 gene locus. Specifically, the wild type HIV-1
PR gene was amplified by PCR from a plasmid containing the entire genome of the HIV-1
NL4-3 laboratory strain. The amplified gene product was ligated between the fission yeast nmt1
gene promoter and the kanamycin-resistant gene (kanr) marker on a plasmid. This plasmid
construct was integrated at the nmt1 locus by homologous gene recombination in the SP223
fission yeast strain. The new fission yeast strain was then named RE294.
(TIF)
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