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important for the cell cycle inhibitory effects. In con-
t
t
A
s
f

s

HIV-1 Vpr is a virion-associated protein that can cause
rowth arrest when produced inside the cell but when
dded externally it can cause cell death. Employing the
east model system, the C-terminal domain, in particu-
ar the sequence HFRIGCRHSRIG (Vpr71–82), is essential
or both the growth arrest and cytocidal activities. Con-
ervation of this sequence in HIV-2 and SIV suggests
hat these residues may be functionally important. Us-
ng site-directed mutagenesis we show that the most
ighly conserved aa residues, His71 and Gly75, were
pr is found in virions (1, 2) and in the serum of y
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rast, we show that the wild-type Vpr71–82 peptide and
hree variants of this peptide with Gly75 changed to Ser,
la, and Ile all exhibited the same cytocidal activity
uggesting that the intracellular and extracellular ef-
ects are unrelated. © 1999 Academic Press

Viral protein R (Vpr) is a 96-aa protein having the
equence
MEQAPEDQGPQREPYNEWTELLEELKSEAVRHFPRIWLHNLGQHIYE

TYGDTWAGVEAIIRILQQLLFIHFRIGCRHSRIGVTRQRRARNGASRS.
east both these activities are due to the C-terminal

IV-1 infected individuals (3). Vpr has been associ-
ted with a number of biological functions including
uclear import of the HIV-1 preintegration complex
4), transactivation of cellular genes (1), mitochon-
rial dysfunction (5, 6), cell structure disturbances
5, 7), induction of cell cycle arrest (8 –14), extracel-
ular killing (15) and apoptosis (5, 16) [for review see
7]. The conserved cell growth disturbances of Vpr
ere believed to contribute to HIV-1 pathogenesis by
elaying cells at the point of the cell cycle where viral
eplication is maximized (18). Similarly the con-
erved cell killing of externally added Vpr may at-
ribute to the large amount of cell death in AIDS,
ncluding cell death of uninfected cells (19).

Both the growth arrest and cytocidal activities are
onserved by HIV-1, HIV-2 and most SIV isolates. In

Abbreviations used: aa, amino acid(s); AIDS, acquired immunode-
ciency syndrome; HIV, human immunodeficiency virus; SIV, simian

mmunodeficiency virus.
1 To whom correspondence should be addressed at Biomolecular

esearch Institute, 343 Royal Parade, Parkville, Victoria 3052, Aus-
ralia. Fax: (613) 9662 7266. E-mail: Ian.Macreadie@bioresi.com.au.
egion of Vpr, in particular a repeated H(F/S)RIG aa
equence motif underlined above. Of Vpr and Vpx
equences in HIV-2 and SIV there is high conserva-
ion of the first H(F/S)RIG motif (Fig. 1), with most
hanges occurring in the fourth position of the first
otif (8). Among the Vpr and Vpx sequences, the aa

hat are conserved in the HFRIGCRHSRIG motifs
re the first, fifth and sixth residues (underlined),
hile the third position is always occupied by a basic
a (8). The high conservation of the histidine, glycine
nd cysteine residues suggests that they may be
ritical for Vpr’s growth arrest and/or cell killing
unctions.

Using a yeast model system, this study determined
he cytostatic and cytocidal activities of HIV-1 Vpr.

e systematically investigated a range of Vpr mu-
ants through aa substitutions within the first
FRIGC domain to determine their growth arresting
ctivities. In addition, the cell killing activities of an
xternally-added Vpr71– 82 peptide, as well as the
pr71– 82 peptide with substitutions at position 75
ere examined.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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ATERIALS AND METHODS

Mutagenesis strategy and oligonucleotide synthesis. For mu-
agenesis we targeted highly conserved residues (underlined) of the
rst HFRIGC motif, substituting aa at positions 71, 72, 73, 75, and
6 with alanine, with the additional changes of F72S and G75S. All
even vpr substitutions were made with duplex oligonucleotides that
ere based on the sequence between unique EcoRI and SalI restric-

ion sites of vpr (shaded in Fig. 2). Oligonucleotides were synthesized
sing an Applied Biosystems 394 DNA/RNA synthesizer. Each oli-
onucleotide was purified by denaturing gel electrophoresis accord-
ng to the method described by Sambrook et al. (20).

Molecular cloning. Using oligonucleotide-duplex replacement,
he EcoRI 1 SalI digested YEX-BX.Vpr expression plasmid (21) was
igated to duplexes of purified oligonucleotide and transformed into
. coli MC1061 cells {araD139 (araABC-leu)7679 galU galK lacX74
psL hsdR mcrB} (20). Transformants were selected by growth on
3 YT (1.6% tryptone, 1% yeast extract, 0.5% NaCl) 1 Ampicillin

lates. Plasmids so generated were subsequently analyzed by DNA
equencing to confirm the mutations.

Yeast transformation. The yeast strain employed, Saccharomyces
erevisiae strain DY150 (MATa ura3-52 leu2-3,112 trp1-1 ade2-1
is3-11 can1-100), was transformed by lithium acetate transforma-
ion (22). Transformants producing Vpr were initially selected on
inimal synthetic medium (0.67% yeast nitrogen base (Difco)/2%

lucose/2% agar) containing all supplements required by the host
train except uracil. In subsequent culture leucine was omitted.

Growth arrest. For the examination of cells producing wild-type
pr and other forms of Vpr, growth was observed on solid media with
arious levels of inducer. Freshly grown transformed cells were
uspended at 107 cells/ml in H2O and 20-ml aliquots were placed onto
series of minimal synthetic medium with varying copper ion con-

entrations. Growth was scored after 3–4 days 30°C incubation. The
rowth of each mutant in liquid medium containing 0.25 mM CuSO4

as spectrophotometrically determined by measuring the OD600.

FIG. 1. Alignment of H(F/S)RIG motifs in Vpr and Vpx of HIV-1,
IV-2, and SIV.

FIG. 2. Mutagenesis of Vpr. (A) Schematic diagram showing V
ucleotide sequence of the EcoRI–SalI fragment of vpr along with th
ith duplex oligonucleotides encoding the desired substitutions. Sub
288
Cytocidal treatment. A wild-type Vpr peptide, Vpr 71–82, and three
dditional peptides with aa substitutions of Gly75 to alanine, serine
nd isoleucine respectively were synthesized by Auspep (Melbourne,
ustralia). All four peptides were purified by Auspep and verified by
a composition and mass spectrometry. Peptides were resuspended
n water to 2 mg/ml. Serial ten-fold dilutions of each peptide were
hen added to ;103 yeast cells suspensions in a final volume of 100
l water. After 1 h each mixture was plated out onto solidified YEPD
edium and colonies were counted after incubation at 30°C for 2–3

ays. Data from multiple plates were averaged and plotted on
raphs. The concentration of peptide resulting in 50% survival was
etermined to be the 50% lethal dose (LD50).

ESULTS

Effects of substitution on the growth arrest activity of
pr. The pYEX-BX.Vpr is a yeast vector designed for

he copper-inducible expression of Vpr. This vector was
anipulated to cause changes to residues within the
FRIGC sequence to examine this effect on growth
rrest. The unique SalI and EcoRI restriction sites on
ither side of the sequence encoding HFRIGC were cut
nd then ligated with duplex mutagenic oligonucleo-
ides. The effects of the changes were monitored as Vpr
xpression was induced. The resulting cell cycle inhib-
tory effects observed are summarized in Table 1.

with the region encoded by the EcoRI-SalI fragment shaded. (B)
ncoded aa sequence. The shaded wild-type vpr duplex was replaced
tuted aa are shown in bold.

Growth of Yeast Vpr Transformants

Transforming
plasmid

[CuSO4] (mM)

0 0.25 0.5 0.75 1

YEX-BX 1111 1111 111 111 111
YEX-BX.Vpr 1111 2 2 2 2
71A 1111 1111 111 111 111
72A 1111 11 1 2 2
72S 1111 6 6 2 2
73A 1111 2 2 2 2
75A 1111 111 11 11 11
75S 1111 11 1 1 2
76A 1111 2 2 2 2
pr
e e
sti
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DY150 [pYEX-BX] transformants, producing no Vpr
rotein, grew on media with high levels of CuSO4 (1
M), while DY150 [pYEX-BX.Vpr] transformants pro-

ucing Vpr grew normally except when induced with
opper. Even the lowest level of added copper (0.25 mM
uSO4) led to a total growth arrest as previously ob-
erved (8). Cells producing Vpr with specific substitu-
ions in the HFRIGC motif displayed varying degrees
f growth arrest over the inducing CuSO4 range. Those
onstructs producing a mutant Vpr that could grow on
edia containing in excess of 0.25 mM CuSO4, were
71A, G75A, G75S, and the F72A mutant. In compar-

son the F72S, R73A, and C76A mutants were growth
rrested at 0.25 mM CuSO4.
In liquid cultures growth patterns were similar to

hose observed on the solid media (Fig. 3). In the presence
f 0.25 mM CuSO4, the number of cells containing
YEX-BX alone increased by almost three times over the
4 h while those with pYEX-BX.Vpr showed no increase
n growth over the same time period. Similarly, the cells
xpressing the Vpr substitutions H71A, G75A, G75S, and
72A increased in number over the time period by ap-
roximately two fold, whereas cells expressing Vpr with
72S, R73A, and C76A changes did not increase.

Effect of substitution on the cytotoxicity of Vpr pep-
ide. A limited study was carried out to determine if
ytocidal Vpr effects were related to the effects seen with
pr expression. Therefore Vpr71–82, and three peptides
ith substitutions at Gly75, were compared in dose re-

ponse studies to determine the effects of substitutions on
heir toxicity. The dose at which the wild-type Vpr71–82

aused 50% killing (Fig. 4) was 800 nM, similar to the 750
M previously reported for this peptide (15). Similar LD50

alues of 600, 680, and 750 nM were observed for the
lycine peptides substituted to alanine, serine and isoleu-
ine respectively. These values are all within a 15% de-
iation of the mean value. Therefore they are not consid-
red to be significantly different from each other.

FIG. 3. Growth of yeast transformants producing variants with
a substitutions in the first conserved HFRIGC domain of Vpr.
289
ISCUSSION

Our previous studies in yeast showed that growth
rrest and cell killing activities of Vpr were due to the
-terminus and in particular the HFRIGCRHSRIG se-
uence (8). This study further revealed that several aa
esidues of this sequence, H71, F72, and G75, are crit-
cal for the cell cycle arrest. The fact that the G75A

utation inactivated Vpr agrees with a report using a
uman cell culture (23). These studies and those of
hen et al. (24) support the view that yeast expression
ystems are relevant for Vpr mutational studies.
The recent NMR derived tertiary structure of the

esidues of Vpr (25) is used in Fig. 5 to illustrate the
esidues observed here to be required for growth ar-
est. As Gly75 is highly conserved in nearly all lenti-
irus members and with recent structural studies con-

FIG. 4. Cytocidal effects of Vpr71–82 peptides and three variants
t residue 75.

FIG. 5. Tertiary structure of Vpr from aa residue 59 to 86 (23).



fi
r
2
g
t
G
i

t
p
l
c
t
a
i
e
t

t
e
t
R
n
i
n
l
t
i
p

a
a
a
0
s
m
a
m
m
t
t

H
V
V
t
t
d
a
s
t
g

A

A

R

1

1

1

1

1

1

1

1
1

1

2

2

2

2

2

2

2

2

Vol. 264, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
rming that the first motif is helical and the second a
everse b turn followed by a less ordered region (25,
6), particularly between residues 74 and 78 (25), the
lycine in this region is likely to be functionally impor-
ant. Therefore the structural alteration here to the
ly75 b turn may explain the loss of Vpr function that

s observed.
We changed this Gly75 that we changed to examine

he cytocidal effect of externally added Vpr. As all three
eptides with changes in this position displayed simi-
ar LD50 values as the wild-type Vpr peptide this gly-
ine did not seem to be important for cell killing. Al-
hough additional cytocidal examination of other
ltered residues, particularly within the double motif
s required, these results suggest that there are differ-
nt mechanisms for external cytocidal effects and in-
racellular growth arrest activities of Vpr.

Other highly conserved residues found to be impor-
ant for growth arrest were the His71 and to a lesser
xtent the Phe72, as indicated by the change in func-
ion when substituted with an alanine. In contrast the
73A mutant displayed an active Vpr cytostatic phe-
otype suggesting that this arginine may not be as

mportant for growth arrest activity. As this Arg73 is
ot highly conserved and often is substituted in other

entivirus subfamilies, the R73A substitution may be
olerated. Similarly as the F72S substitution is found
n nature, a wild-type phenotype might have been ex-
ected.
Residues 71 and 72 are at the C-terminal end of the

-helix, which extends from residues 53–74 (25). Using
n eleven residue window, the mean hydrophobicity
nd a-hydrophobic moment (27) of the H71A mutant at
.445 and 0.519, respectively, were calculated to be
ignificantly higher than those of the position 71-73
utants and the wild type (all were, respectively, 0.352

nd 0.427). The effect of these increases would be to
ake the C-terminal end of Vpr in the H71A mutant
ore amphipathic. It would be worth while to study

he effects of other amphipathicity-altering mutants in
his segment.

These studies demonstrate that the highly conserved
is71, Phe72 and Gly75 may be of future interest to
pr structural, and more importantly rational anti-
pr drug development studies. As well as examining

he effectiveness of HIV inhibitor drugs in cell culture,
hese residues may be examined for changes due to the
rug’s action. These mutants may be useful in raising
ntibodies against Vpr as a means of immunologically
uppressing Vpr’s in vivo action. Therapies that target
he inactivation of these residues of Vpr may alleviate
rowth arrest and thus possibly reduce HIV viral load.
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