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The vpr gene of human immunodeficiency virus type 1 (HIV-1) encodes a 96-amino-acid 14-kDa protein (viral
protein R [Vpr]), which is produced late in the viral life cycle and is incorporated into the virion. Although Vpr
is not required for viral replication in transformed cell lines and primary T lymphocytes, it is essential for
productive infection of macrophages and monocytes and appears to be important for pathogenesis in vivo. To
establish the role of Vpr in HIV-1 replication and pathogenesis, we have isolated cellular proteins with which
Vpr interacts. By using the yeast two-hybrid system, Lys-tRNA synthetase (LysRS) was identified as a Vpr-
interacting protein. The interaction between Vpr and LysRS was characterized both in vitro and in vivo, and
the domains of Vpr required for the interaction were defined. In the presence of Vpr, LysRS-mediated amino-
acylation of tRNALys is inhibited. Since tRNALys is the primer for reverse transcription of the HIV-1 genome,
this suggests that the interaction between Vpr and LysRS may influence the initiation of HIV-1 reverse
transcription.

Human immunodeficiency virus (HIV), the causative agent
of AIDS, is a member of the Retroviridae family of viruses
(reviewed in references 5 and 8). Primate immunodeficiency
viruses are unique members of this family in that, in addition to
the obligatory Gag, Pol, and Env proteins, their mRNA en-
codes six regulatory proteins, namely, Tat, Rev, Vif, Vpr, Vpu,
and Nef (11, 62, 64). While Tat and Rev are essential for viral
replication in all cell types, Vif, Vpr, Vpu, and Nef are dis-
pensable for productive infection of transformed T lympho-
cytes and have therefore been termed accessory proteins. How-
ever, functional analysis of these so-called accessory proteins
has shown their involvement in almost every stage of the viral
life cycle including the infection process, nuclear migration of
the preintegration complex, transcription of the provirus, and
exit of the mature virion (51). In fact, the ability of HIV-1 to
establish latent and chronic infections and to induce disease in
vivo has been attributed to these proteins. To further under-
stand the role of HIV-1 regulatory proteins during viral
replication and pathogenesis, we focused on the Vpr gene
product.

The vpr gene of HIV-1 encodes a 96-amino-acid 14-kDa
protein (viral protein R [Vpr]), which is produced late in the
viral life cycle and is incorporated into the virion through an
interaction with the p6 region of Gag (36, 38, 46, 53). Vpr is the
only accessory protein found within the virion in substantial
amounts and is present at molar amounts equivalent to those
of Gag. In vitro, Vpr is not required for viral replication in
transformed cell lines and primary T lymphocytes; however, it
is essential for productive infection of cells such as macro-

phages and monocytes (3, 22, 70). This is extremely important
for viral pathogenesis in vivo because terminally differentiated
macrophages are a natural cell target for HIV and provide a
reservoir of viral production during the asymptomatic stages of
disease (2). The most convincing evidence that Vpr plays an
important role in vivo comes from experiments showing that
rhesus monkeys infected with simian immunodeficiency virus
(SIV) with Vpr deleted have a low viral burden and slow
disease progression compared to those infected with the wild-
type virus (25, 29, 37). Throughout the evolution of the lenti-
viruses, the vpr gene has been highly conserved, suggesting that
it has an important function in pathogenesis (63).

The precise mechanisms by which Vpr influences viral rep-
lication are still unclear, but there is evidence to suggest that it
is involved in nuclear transport of the preintegration complex
in nondividing cells (24), a role that is in keeping with its virion
association and accumulation in the nuclei of infected cells (45,
71). Vpr has also been shown to act as a weak transcriptional
activator of the HIV long terminal repeat and other heterol-
ogous promoters (1, 67, 68), which may explain the fact that
exogenous Vpr reactivates viral gene expression in latently
infected T-cell lines (40, 41). Several groups have demon-
strated that Vpr causes primary CD41 lymphocytes and other
cell types to accumulate in the G2 phase of the cell cycle (4, 17,
23, 34, 39, 54, 55, 73), possibly through its ability to associate
with the HIV-1-encoded nucleocapsid protein p7 (NCp7), and
activate protein phosphatase 2A (15, 42, 65). It has been pos-
tulated that, by blocking cell division prior to mitosis, Vpr
prevents chronic viral infection and drives cells into apoptosis,
thus contributing to the immunopathogenic effect of HIV (54,
57). Both the small size and simple genomic organization of
HIV suggest that individual gene products have several distinct
functions. Indeed, HIV virions which have packaged a wild-
type Vpr but contain a mutation in the vpr gene replicate
poorly in primary macrophages, suggesting that Vpr plays
unique functional roles at different times in the viral life cycle
(10). To further establish the role of Vpr in HIV-1 replication
and pathogenesis, the yeast two-hybrid system was used to
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identify cellular proteins which interact with Vpr. We isolated
a cDNA clone that coded for Lys-tRNA synthetase (LysRS)
and characterized the interaction between Vpr and LysRS
both in vitro and ex vivo. A functional consequence of the
interaction is that in the presence of Vpr, LysRS-mediated
aminoacylation of tRNALys is inhibited. The fact that tRNALys

is the primer for reverse transcription of the HIV-1 genome
suggests that the interaction between Vpr and LysRS may
influence the initiation of HIV-1 reverse transcription.

MATERIALS AND METHODS

Plasmid construction. pV44ER.LexA and pACT/pACT-cDNA were received
from Colin Goding (Marie Curie Research Institute, Oxted, United Kingdom)
and Stephen Elledge (Baylor College of Medicine, Houston, Tex.), respectively,
and both have been described previously (16, 32). pLexA-vprwt, the bait plasmid
used in this study, was obtained by subcloning the HIV-1 LAI vpr gene from the
BamHI site of pGEX-vprwt (a generous gift from F. Bachelerie, Institut Pasteur,
Paris, France) into BglII-digested pV44ER.LexA. pLexA-vprwt expressed a chi-
meric protein containing the LexA bacterial repressor (amino acids 1 to 211) at
its N terminus and Vpr (amino acids 2 to 96) at its C terminus. pLexA-VprDC
contained the 186-bp BamHI-EcoRI fragment of pGEX-vprwt cloned into
BamHI-EcoRI-digested pV44ER.LexA. pLexA-vprN was constructed by sub-
cloning the 118-bp BamHI-NcoI fragment of pGEX-vprwt into pV44ER.LexA
cut with the same enzymes. To obtain pLexA-vprC, the vpr open reading
frame was amplified with oligonucleotides vpr1 (59) and vpr2 (39), which con-
tained BamHI and ClaI restriction sites, respectively. The resultant product
was digested with the appropriate enzymes and cloned into BglII-EcoRI-cut
pV44ER.LexA. pLexA-vprDC, pLexA-vprN, and pLexA-vprC expressed LexA in
fusion with amino acids 2 to 62, 2 to 39, and 35 to 96 of Vpr respectively. The
control bait plasmids used in the yeast two-hybrid system, pLexA-Da and pLexA-
Rb, expressed the daughterless gene of Drosophila and the retinoblastoma pro-
tein, respectively, as LexA hybrids. These plasmids were provided by C. Goding.
pACT-cDNA plasmids contained the Gal4 activation domain (Gal4AD) fused to
a cDNA expression library generated from an Epstein-Barr virus-transformed
B-cell line.

For in vitro protein-protein interactions, Vpr deletions were expressed as
glutathione S-transferase (GST) fusion proteins. pGEX-vprwt contains the vpr
gene of the LAI HIV-1 isolate cloned into the BamHI site of pGex2T. This
vector expressed amino acids 2 to 96 of Vpr as a fusion protein with GST at the
N terminus. pGEX-vprDC was obtained by cloning the 186-bp BamHI-EcoRI
fragment of pGEX-vprwt into pGex2T (Pharmacia) digested with the same
enzymes. Oligonucleotides vpr3 (59, BamHI site) and vpr4 (39, EcoRI site) were
used to amplify bp 4 to 114 of the vpr gene, which was then cloned into BamHI-
EcoRI-digested pGex2T to generate pGex-vprN. pcDNA-lysRS was constructed
by amplification of pACT-c2.10 with oligonucleotides c2.10(3) (59, upstream
ATG; BamHI site) and c2.10(4) (39, EcoRI site). The PCR product was digested
with BamHI and EcoRI and cloned into pCDNA3 (Invitrogen) cleaved with the
same enzymes. This plasmid expressed LysRS in fusion with the 9-amino-acid
hemagglutinin (HA) tag (YPYDVPDYA). To generate pGEX-lysRS, oligonu-
cleotides c2.10(1) and c2.10(2) were used to amplify pACT-c2.10 DNA. The
BamHI-EcoRI-digested product was then cloned into pGEX-2T digested with
BamHI and EcoRI. Plasmid constructions were confirmed by automated DNA
sequencing (ABI 377 sequencer).

Yeast two-hybrid system. Growth and manipulation of yeast strains were
carried out by standard procedures (21). The Saccharomyces cerevisiae reporter
strain L40 was a kind gift from S. Hollenberg (Fred Hutchinson Cancer Research
Center, Seattle, Wash.) and contains HIS3 and lacZ reporter genes under the
control of LexA DNA binding sites. The procedure of Gietz et al. (19) was used
to transform the L40 reporter strain with pLexA-vprwt. Yeast cells carrying the
bait plasmid were then transformed with the activation domain-tagged cDNA
library and grown on synthetic medium deficient in tryptophan, leucine, and
histidine (SC Trp2, Leu2, His2). Aliquots were taken from each transformation
mix before plating and grown on SC Tryp2, Leu2 to determine the transforma-
tion efficiency. After 3 to 5 days of growth, His1 colonies were screened for
b-galactosidase activity by a filter lift assay (7). Colonies that were positive in this
screen were then “cured” of the bait vector by several rounds of growth in
synthetic medium lacking leucine but containing tryptophan (SC Leu2, Trp1).
Cured yeast strains were retransformed with the bait plasmid and control plas-
mids expressing nonspecific LexA fusion proteins. DNA was extracted from
true-positive clones by the method of Hoffman and Winston (26), electroporated
into Escherichia coli DH5a, and subjected to miniprep DNA analysis by auto-
mated sequencing.

To identify domains of Vpr that interact with c2.10, L40 was cotransformed
with pLexA-vprwt and deletion mutants plus pACT-c2.10 and then grown on
selective medium containing 0 to 50 mM 3-aminotriazole (3-AT). For quantifi-
cation of b-galactosidase activity, single yeast colonies were picked from SC
Trp2, Leu2, His1 plates into 50 ml of 100 mM potassium phosphate containing
0.2% Triton X-100. Then 2.5 ml of 0.1% sodium dodecyl sulfate (SDS) and 7.5
ml of chloroform were added, and the yeast cells were lysed by vigorous vortexing

for 10 s. The Galacto-Light Plus (Tropix) chemiluminescent reporter assay was
used to measure the relative light units (RLU) produced by interacting proteins.
Values reported are the means from duplicate assays of four independent trans-
formants.

Purification of GST fusion proteins. GST fusion proteins were purified from
isopropyl-b-D-thiogalactopyranoside (IPTG)-induced E. coli essentially as de-
scribed previously (61). After elution of GST-LysRS, peak fractions were pooled
and a Centricon 30 (Amincon) was used to concentrate and exchange the protein
into 100 mM Tris.HCl (pH 7.8). When fusion proteins bound to glutathione-
agarose were required, the bacterial supernatant was incubated for 1 h at 4°C
with 1 ml of a 50% (vol/vol) suspension of glutathione-agarose. The protein-
bound agarose beads were washed four times with lysis buffer and resuspended
in lysis buffer containing 0.02% sodium azide.

Aminoacylation assays. Aminoacylation reactions were carried out by the
method of Senger et al. (60). Assay mixtures, in a final volume of 20 ml, contained
0.5 ng (300 nM) of GST-LysRS, 144 mM Tris.HCl (pH 7.8), 5 mM dithiothreitol,
2 mM ATP, 10 mM MgCl2, 0.1 mg of bovine serum albumin (BSA) per ml, 5 kBq
of L-[14C]lysine(1.85 MBq/ml; Amersham), and 20 mM bacterial tRNALys (Sig-
ma). Following incubation for various times at 25°C, the reactions were stopped
by the addition of ice-cold 10% trichloroacetic acid (TCA). Precipitates were
collected by filtration through fiberglass disks, which were washed three times in
10% TCA, three times in 5% TCA, and once in 70% ethanol. Bound radioac-
tivity was measured in a scintillation counter. To determine the effect of Vpr on
LysRS activity 0.5 ng of GST-LysRS was incubated with either 0.5 ng of wild-type
GST-Vpr or 0.5 ng of GST (in 1 M Tris HCl [pH 7.8]) before use in aminoacy-
lation assays. The concentrations of all other assay components remained as
above.

In vitro binding studies. Glutathione-agarose beads (20 ml), bound to wild-
type and mutant GST-Vpr fusion proteins (ca. 2 mg), were incubated for 30 min
at 4°C with 1 ml of 3% BSA. After one wash in interaction buffer (750 mM
potassium acetate, 0.1% Tween 20, 2 mg of BSA per ml), the beads were
resuspended in 200 ml of interaction buffer containing either 10 ml of in vitro-
translated LysRS or 100 mg of U937 cytoplasmic extract (made by standard
detergent lysis techniques) and incubated for 2 h at 4°C. Samples were washed six
times with 1 ml of interaction buffer without BSA, denatured (by boiling in the
presence of 1.25% SDS and 0.35 M 2-mercaptoethenol), and subjected to poly-
acrylamide gel electrophoresis (PAGE).

In vitro transcription and translation. To generate 35S-labelled LysRS,
pcDNA-LysRS was used as template in the TNT-coupled wheat germ extract
system (Promega) as specified by the manufacturer. Proteins were translated in
a final volume of 50 ml in the presence of [35S]methionine (.1,000 Ci/mmol;
Amersham), and 10 ml was assayed for binding to wild-type and mutant GST-Vpr
proteins bound to the beads. Bound proteins were analyzed with a phosphorim-
ager (Fuji BAS1000).

Western blotting analysis and antibodies. To detect cellular LysRS, proteins
were transferred to polyvinylidene difluoride (Sigma) membranes and subjected
to Western blotting by standard procedures (69). Human antiserum derived from
a patient with the anti-synthetase syndrome (a kind gift from C. Gelpi, Hospital
de la Santa Cruz and San Pablo, Barcelona, Spain) (18) was used at a 1:1,000
dilution as the primary antibody in these studies. The serum was tested against
1,000 to 50 ng of recombinant GST-LysRS and 100 to 10 mg of cellular extract
before use in interaction experiments.

Oligonucleotide primers. Oligonucleotide sequences (shown in the sense ori-
entation with restriction sites underlined) are as follows: vpr1 (upC120-310),
GCACGGATCCCCTAGGATTTGGCTCCATAACTTA; vpr2, GGCAATCG
ATCTAGGATCTACTGGCTCCATT; vpr3, AATCAGGATCCGAACAAGC
CCCAGGAGACC; vpr4, GTTCAGAATTCCCATGGAGCCAAATCCTAGG;
c2.10(1), CGAATAGATCTCAGCTGAAGGTCAATGG; c2.10(2), GACGCA
GATCTTCCTTGTCTCTCTTCTG; c2.10(3), CGAATAGATCTATGCAGCT
GAAGGTCAATGG; c2.10(4), TAATCGAATTCAGCGTAATCAGGTACAT
CATATGGATACCTTGCAGACCTTGA.

RESULTS

Isolation of cDNA clones encoding Vpr-interacting proteins.
One of the key approaches to understanding HIV-1 pathogen-
esis is the elucidation of interactions between specific HIV
gene products and the host cell. Therefore, we used the yeast
two-hybrid system to identify cellular proteins that interact
with the HIV accessory protein Vpr. The bait plasmid was
constructed by fusing DNA encoding gene wild-type Vpr to the
39 end of the LexA (encoding amino acids 1 to 211) in the yeast
expression vector pV44ER.Lex (32). This was transformed into
the S. cerevisiae reporter strain L40, which contains the yeast
HIS3 and the bacterial lacZ genes under the control of syn-
thetic promoters bearing LexA-binding sites (66). The result-
ing yeast strain was cotransformed with an activation domain-
tagged human B-cell library (16), and clones containing
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interacting proteins were selected for by growth on histidine-
deficient medium. From approximately 106 transformants
screened, 18 that grew in the absence of histidine were iden-
tified; of these, 10 also expressed b-galactosidase activity. Dou-
ble-positive clones were “cured” of the bait plasmid by re-
peated growth in the presence of tryptophan, leaving yeast

strains that contained only the library plasmids. To test the
specificity of the interactions between the candidate interacting
partners and Vpr, cured clones were retransformed with con-
trol heterologous baits. DNA was extracted from the nine
clones isolated that specifically interacted with Vpr. Sequence
analysis (Fig. 1) revealed that clone 2.10 was 100% identical to

FIG. 1. Clone 2.10 codes for an N-terminally deleted LysRS. Amino acid sequence comparison of the c2.10 open reading frame with the putative human LysRS
(GenBank accession no. D31890), the putative Chinese hamster ovary LysRS (ham), the constitutive form of E. coli LysRS, and yeast LysRS. Amino acids 232 to 259
of c2.10 represent the consensus sequence for the active site of class II aminoacyl synthetases. Numbers indicate the amino acid positions relative to the N terminus
of the corresponding protein. Dots represent gaps inserted to optimize the alignment. Identical residues are indicated by open boxes.
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a cDNA sequence (52) in the GenBank database (accession
no. D31890) which coded for a putative human LysRS.

The product of clone 2.10 is a LysRS which interacts with
the N terminus of Vpr. The cDNA present in clone 2.10 was
incomplete, lacking sequences corresponding to the 59 end
of the mRNA. Thus, c2.10 encodes a protein of 512 amino
acids (56.3 kDa), lacking 90 amino acids at its N terminus
(LysRSDN90). This clone conferred histidine prototrophy and
b-galactosidase activity to yeast strain L40 when cotrans-
formed with the LexA-Vpr hybrid but not with LexA alone or
with the heterologous LexA-retinoblastoma and LexA-daugh-
terless hybrids (pLexD-Rb and pLexA-Da, respectively) (Fig.
2). To confirm that c2.10 did indeed code for active human
LysRS, the protein was expressed in bacteria as a GST fusion
(as described in Materials and Methods) and purified protein
was used in aminoacylation assays (Fig. 3A). These assays
investigated the ability of the putative LysRS to catalyze the
reaction between [14C]lysine and tRNALys by measuring [14C]
Lys-tRNA conjugates as TCA-precipitable radioactivity. The
kinetics of this reaction indicate that active, human LysRS was
isolated from the two-hybrid screen (Fig. 3B) and that the
N-terminal 90 amino acids of this enzyme are not required for
its activity.

Previous studies (47, 50, 71) have identified a number of
putative structural domains of Vpr (Fig. 4A). To localize the
domain that mediates binding to LysRS, a series of N- and
C-terminal deletions of Vpr were expressed in L40 as LexA
fusions and assayed for their ability to interact with GalAD-
c2.10. First, the level of transcriptional activation from the
HIS3 reporter was determined by growth on SC His2 contain-
ing increasing concentrations of the yeast HIS3 gene product
inhibitor, 3-AT (35). As shown in Fig. 4B, yeast cells expressing
LexA-VprN retained their ability to grow on His2 medium in
the presence of 50 mM 3-AT whereas those expressing LexA-
VprC were unable to grow on His2 medium when 3-AT was
present. We subsequently quantified transcription from the
lacZ reporter gene by using a chemiluminescence assay for
b-galactosidase activity (Fig. 4C). On average, b-galactosidase
activity was 1,000 times greater in extracts from yeasts express-
ing the Vpr N-terminal hybrid than from those expressing the
C-terminal hybrid. These results indicate that LysRS binds to
the N terminus of Vpr with a much higher affinity than to the
C terminus. In both these assays, the behavior of the VprDC
hybrid was intermediate between those of Vpr N- and C-
terminal isolated domains, suggesting that sequences within
the central portion of Vpr (amino acids 39 to 62) prevent
high-affinity binding of the N terminus to LysRS.

Vpr interacts with recombinant LysRS. To confirm the bind-
ing data observed in yeast, we tested the ability of wild-type

and mutant Vpr to bind to recombinant and cellular LysRS.
Wild-type Vpr, VprDC, and VprN were cloned into the pGex2T
vector and expressed in bacteria as GST fusion proteins. Bac-
terial lysates were incubated with glutathione-agarose beads,
and the bound proteins were observed by Coomassie blue stain-
ing of SDS-PAGE gels (Fig. 5A). To determine whether these
proteins could interact with recombinant LysRS, LysRSDN90
was cloned into the pcDNA3 vector with a C-terminal HA tag
and 35S-labeled protein was made in an in vitro transcription-
translation reaction. Radiolabelled LysRS was incubated
with the glutathione-agarose beads described above, and
after extensive washing, bound proteins were resolved by
SDS-PAGE and revealed by phosphorimager analysis (Fig.

FIG. 2. Vpr interacts specifically with the product of c2.10 in the yeast two-hybrid system. The L40 reporter strain, cotransformed with LexA and the Gal4 activation
domain (GalAD) or GalAD-c2.10 fusion protein, was assayed for histidine prototrophy and b-galactosidase activity. Filter lift assays were used to detect b-galactosidase
activity. LexA fusions are Vpr amino acids 12 to 96, Daughterless protein of Drosophila (Da), and retinoblastoma (Rb). Growth in the absence of histidine and a high
level of b-galactosidase activity (represented by a strong blue color of the colony) are indications of an interaction between the hybrid proteins. The results obtained
with two individual transformants are shown for each transformation.

FIG. 3. Isolated LysRSDN90, expressed by c2.10, is active in aminoacylation
assays. (A) Coomassie blue-stained gel of purified GST-lysRSDN90. (B) Ami-
noacylation assay in which the above protein was used to catalyze the reaction
between [14C]lysine and tRNALys. TCA-precipitable radioactivity was measured
with a scintillation counter. The background, determined by activity in the ab-
sence of tRNALys, was subtracted from the experimental values.
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5B). As predicted, recombinant LysRS interacted with wild-
type Vpr-GST but not with GST alone. Deletion of the
C-terminal 61 amino acids (VprN-GST) did not impair this
interaction, which is in agreement with the yeast two-hybrid
studies and confirms that LysRS binds directly to the N
terminus of Vpr.

Cellular LysRS binds to GST-Vpr. To establish that Vpr
could interact with full-length LysRS derived from human
cells, we examined the interaction between Vpr and native
LysRS derived from the HIV-permissive U937 monocytic cell
line. GST and the above panel of GST-Vpr beads were incu-
bated with detergent-lysed U937 cell extract. Bound proteins
were eluted and subjected to SDS-PAGE and Western blot-

ting. The primary antibody used in these experiments was
serum derived from a patient with the anti-synthetase syn-
drome, which has previously been found to contain anti-LysRS
antibodies (18). Before use in interaction experiments, the
serum was shown to react with GST-LysRSDN90 and 35S-
LysRSDN90 (data not shown). This reactivity was lost when the
serum was preincubated with GST-LysRSDN90 glutathione-
agarose beads but not with GST beads alone (data not shown).
As can be seen in Fig. 5C, wild-type and C-terminally deleted
Vpr specifically bind to a 65-kDa protein which is immunore-
active with antiserum from the patient with anti-synthetase
syndrome. The smaller species observed in Fig. 5C is a fre-
quently detected degredation product of LysRS, and its pres-

FIG. 4. Characterization of the Vpr-LysRS interaction in vivo. (A) Amino acid sequence of wild-type Vpr with previously defined functional domains shown (47,
50, 71). N- and C-terminal Vpr deletion mutants were cloned into PV44ER.Lex and expressed in yeast. Broken lines represent the region of protein expressed by the
mutants, and numbers indicate the amino acid positions. (B) Vpr deletion mutants were transformed into L40 along with GalAd-c2.10 and grown on His2 plates
containing 0 to 50 mM 3-AT to measure the level of transcription from the HIS3 gene. Yeast strains expressing strongly interacting proteins remain prototrophic for
histidine in the presence of high concentrations of 3-AT. The assay was carried out on three separate transformants for each Vpr mutant. (C) The b-galactosidase
activity of yeast strains expressing Vpr hybrid proteins along with GalAD-c2.10 was measured in a chemiluminescence assay. The background was determined by L40
expressing LexA-Vprwt and was around 200 RLU. Values are means of triplicate assays performed on four independent transformants.
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ence in the GST-VprN lane indicates that the N terminus of
Vpr binds to this domain of the protein. Similar to the results
obtained with yeast, GST-VprN was found to bind to LysRS
with a higher affinity than did the Vprwt and VprDC fusions.
This result confirms the previous data and demonstrates that
the N terminus of Vpr interacts with full-length lysRS in its
native state.

Vpr inhibits LysRS-catalyzed aminoacylation of tRNALys.
To test the functional significance of the Vpr-LysRS inter-
action, aminoacylation assays were carried out with GST-
LysRSDN90 preincubated with wild-type GST-Vpr or purified
GST as a control. In the presence of wild-type Vpr, LysRS-
catalyzed aminoacylation of tRNALys was strongly inhibited
(Fig. 6).

DISCUSSION

In this study, we used the yeast two-hybrid system to identify
cellular proteins that interact with HIV-1 Vpr. One cDNA
isolated (c2.10) was completely homologous to a sequence
encoding a putative human LysRS (52). The function of this
protein was confirmed, and the interaction between Vpr and
LysRS was characterized in vivo and in vitro. LysRS belongs to
the aminoacyl-tRNA synthetase group of enzymes, which cat-
alyze the reaction between an amino acid and the 39 end of its
cognate tRNA (13, 14, 43, 59). Although the LysRS expressed
by c2.10 lacked 90 amino acids at its N terminus (LysRSDN90),
it remained active in aminoacylation assays (Fig. 3). This result
is in keeping with that of Martinez and Mirande (49), who
found that the N-terminal extension (amino acids 1 to 69) of
S. cerevisiae LysRS was dispensable in vivo for aminoacylation
activities. Furthermore, structural data from the E. coli LysRS
S protein indicated that deletion of the N-terminal 30 amino
acids (corresponding to amino acids 64 to 93 of human LysRS
by sequence comparison) did not affect the ability of the pro-
tein to specifically recognize the anticodon loop of tRNALys

and catalyze aminoacylation (9, 58). Several highly conserved
residues that are thought to be involved in binding to Mg21

and ATP have been identified in class II aminoacyl synthetases
(to which LysRS belongs) (20). None of these residues fall
within the N-terminal 90 amino acids of human LysRS (12).
These data indicate that the active portion of LysRS is the
main target for interaction with Vpr.

There are many reports in the literature about the putative
structure-function map of Vpr (45, 47, 50, 53, 71). Mutations in
the alpha-helical region (Fig. 4) eliminate virion incorporation,
as do deletions at the C terminus (53, 71). Amino acids in the
core of the protein (amino acids 30 to 60) are important for
nuclear localization of Vpr (24, 50, 71), and the C-terminal
basic region is essential for protein stability and induction of
cell cycle arrest (47, 50). Using a panel of deletion mutants, we
demonstrated that LysRS interacts with both the N and C
termini of Vpr (Fig. 4B and C and Fig. 5). However, the affinity
of the interaction was much greater for the N-terminal domain
of Vpr (amino acids 1 to 39) than for the C terminal domain
(amino acids 35 to 96). In vivo and in vitro data from the
wild-type Vpr and VprDC constructs indicated that the pres-
ence of C-terminal sequences negatively influences binding of

FIG. 5. Wild-type and C-terminally deleted Vpr bind to recombinant and
cellular LysRS. (A) Representative Coomassie blue-stained gel showing concen-
trations of GST and GST-Vpr fusions used in in vitro interaction experiments.
GST and GST-Vpr fusion proteins were affinity purified on glutathione-agarose
beads, separated by SDS-PAGE, and analyzed by Coomassie blue staining. (B)
In vitro-translated 35S-LysRS (10 ml), was incubated with equivalent amounts of
GST and GST-Vpr (wild type and mutant) glutathione-agarose beads, as shown
in panel A. Bound proteins were resolved by SDS-PAGE, the gel was dried, and
the radioactive species were viewed by phosphorimager analysis. (C) GST and
GST-Vpr (wild type and mutant) glutathione-agarose beads were incubated with
100 mg of U937 cell extract, and bound cellular proteins were resolved by PAGE.
The gels were then immunoblotted with antiserum from a patient with anti-
synthetase syndrome as the primary antibody.

FIG. 6. Vpr inhibits aminoacylation of tRNALys. GST-LysRSDN90, preincu-
bated with either wild-type GST-Vpr (1vpr) or GST (2vpr), was tested for its
ability to catalyze the reaction between tRNALys and [14C]lysine. [14C]lysine-
tRNALys conjugates were TCA precipitated, and radioactivity was measured with
a scintillation counter.
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the N terminus to the enzyme. During HIV infection, cellular
and/or viral proteins may interact with Vpr and induce confor-
mational changes which expose the N terminus and thus reg-
ulate the affinity with which it binds to LysRS. Li et al. (42)
previously demonstrated that Vpr forms a tight complex with
the p7 nucleocapsid protein (NCp7) of HIV. During the early
stages of HIV replication, binding to NCp7 may expose the
N-terminal portion of Vpr, allowing high-affinity binding to
LysRS. During the latter stages of infection, the N terminus of
Vpr is complexed with the HIV-encoded p6 (36, 38, 53), which
may also modulate the interaction with the synthetase. The
uracil DNA glycosylase enzyme (6) and the glucocorticoid re-
ceptor type II complex (56, 72) are cellular proteins that were
previously found to interact with Vpr. The finding in this study
that the C-terminal domain of Vpr opposes the effects of the
N-terminal region is not without precedent. Tung et al. (65)
recently demonstrated that NCp7-VprN complexes increase
the activity of protein phosphatase 2A while NCp7:VprC com-
plexes inhibit this activity. Additional mutants, including those
with point mutations within Vpr, will be needed to further
characterize the interaction with LysRS and determine how it
affects other functions of Vpr.

Reverse transcription is the first postentry stage in the ret-
roviral replication cycle. In all retroviruses, this process is
primed by a tRNA in which 18 nucleotides at the 39 terminus
is complementary to a region at the 59 end of the viral RNA
genome, described as the primer-binding site (reviewed in ref-
erence 44). In HIV-1, the primer for reverse transcription has
been identified as tRNALys3 (27, 28, 30, 31, 48). During viral
assembly, the tRNALys3 is selected for incorporation into the
virus from over 100 host cell species (27, 28, 33, 48). At
present, little is known about the signals on tRNALys3 that
target it for virion incorporation, although it has been sug-
gested that the aminoacylation state of the tRNA may be one
such signal (27). By Western blotting of virion extracts with
anti-LysRS antiserum (data not shown), we were unable to
detect LysRS in HIV-1 virions; this suggested that the syn-
thetase is not incorporated into the virion along with the
primer. To function as a primer for reverse transcription,
tRNALys3 must have a free 39 end, which is not the case for
aminoacylated tRNAs. It has previously been demonstrated
that while all the tRNALys species in HIV-infected cells are
acylated, all virion-associated tRNALys species are deacylated
(27). Thus, the ability of Vpr to interact with LysRS and inhibit
its enzymatic activity may be an important viral mechanism to
prevent acylation of the primer and target it to the assembling
virion. Since deacylation occurs as part of the translation pro-
cess (14), this may be more important in resting cells, where
low levels of translation are taking place and therefore there
are lower levels of deacylated tRNA molecules. In the con-
tinuing search for improved anti-HIV agents, disruption of this
specific Vpr-LysRS interaction might represent an alternative
avenue for therapeutic intervention.
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