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Proline 35 of Human Immunodeficiency Virus Type 1 (HIV-1) Vpr
Regulates the Integrity of the N-Terminal Helix and the
Incorporation of Vpr into Virus Particles and
Supports the Replication of R5-Tropic HIV-1
in Human Lymphoid Tissue Ex Vivo'f
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Mutational analysis of the four conserved proline residues in human immunodeficiency virus type 1 (HIV-1)
Vpr reveals that only Pro-35 is required for efficient replication of R5-tropic, but not of X4-tropic, viruses in
human lymphoid tissue (HLT) cultivated ex vivo. While Vpr-mediated apoptosis and G, cell cycle arrest, as well
as the expression and subcellular localization of Vpr, were independent, the capacity for encapsidation of Vpr
into budding virions was dependent on Pro-35. 'H nuclear magnetic resonance data suggest that mutation of
Pro-35 causes a conformational change in the hydrophobic core of the molecule, whose integrity is required for
the encapsidation of Vpr, and thus, Pro-35 supports the replication of R5-tropic HIV-1 in HLT.

Human immunodeficiency virus type 1 (HIV-1) Vpr induces
G, cell cycle arrest and apoptosis and facilitates the transport
of the preintegration complex into the nuclei of nondividing
cells, thereby mediating the integration of proviral DNA into
the host genome. Although dispensable for growth of HIV-1 in
cultured T cells, Vpr appears to play an important role in virus
replication and pathogenesis in vivo (6, 12, 23). Vpr is pack-
aged into virus particles via an interaction with the p6 domain
of the Gag precursor Pr55 involving residues 32 to 46, which
comprise the LXXLFG motif in p6 (1, 3, 7, 11, 13, 22). Muta-
tional analysis of Vpr has shown that residues located between
Ser-28 and His-40 are required for efficient binding to p6 (14,
15, 24, 27). Since Vpr is encapsidated into viral particles, it is
present during early steps of infection, where it is essential for
productive infection of nondividing cells such as terminally
differentiated cells from the monocyte/macrophage lineage.

In order to investigate the biological function of the highly
conserved proline residues in the N terminus of Vpr, single
proline-to-alanine mutations were introduced at position 5, 10,
14, or 35 into an X4-tropic HIV-1; 45 molecular clone (2) and
an otherwise isogenic R5-tropic derivative thereof (18). To
assess the functional relevance of each proline residue, parallel
cultures of human lymphoid tissue (HLT) cultivated ex vivo (8)
were infected with virus stocks standardized for p24 content,
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and release of viral particles was determined by quantification
of reverse transcriptase activity or p24 antigen (Fig. 1B to D).
HLT was chosen, as it represents a relevant physiological sys-
tem to study accessory proteins such as Vpr that exercise their
functions particularly in primary cells (10, 19, 20).

A representative replication profile of R5-tropic HIV-1 4.5
is depicted in Fig. 1B. Since the replication of HIV-1 in HLT
generally exhibits donor-dependent differences (9), an average
of replication profiles in tissues derived from several donors
revealed that productive infection of both R5-tropic and X4-
tropic HIV-1 variants resulted in the typical Vpr-dependent
replication kinetics (19, 20): the inactivation of the vpr gene
reduced the replication of X4-tropic HIV-1y, 45 to 50% =
8.8% (mean = standard error of the mean [SEM]) (number of
HLT donors [n] = 9; P < 0.0001), and the replication of
RS5-tropic viruses decreased to 37% = 82% (n = 10; P <
0.0001) (Fig. 1B to D). Mutation of proline 5, 10, or 14 did not
influence virus replication with either coreceptor (Fig. 1B to
D). However, mutation of Pro-35 reduced the replication of
RS5-tropic HIV-1 variants to 62% * 12.7% (n = 10; P = 0.009)
compared with that of the wild-type (wt) virus or the other
proline mutants (Fig. 1B and D). While the P35A mutation
did not influence the replication of X4-tropic variants (Fig.
1C), Pro-35 supports Vpr-mediated replication of R5-tropic
HIV-1.

Functional analyses showed that the proline mutations did
not affect the de novo synthesis and subcellular localization of
Vpr or biological activities such as the induction of G, arrest
and apoptosis (data not shown). To compare protein half-lives,
Western blot kinetic analyses were performed in HeLa cells
transfected with pCMV-FLAG-Vpr (28) encoding wt Vpr and
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FIG. 1. Pro-35 enhances the replication of R5-tropic HIV-1 in HLT. (A) N-terminal structure and amino acid sequence of Vpr from
HIV-1y 4.5. Proline residues in positions 5, 10, 14, and 35, as well as p6 binding regions, are indicated (4, 16). (B) Representative replication
profiles of R5-tropic HIV-1 and Vpr mutants in HLT ex vivo. RT, reverse transcriptase. (C and D) For average virus production, tissue samples
were inoculated with X4-tropic and R5-tropic viruses, respectively, and cumulative virus release by 18 to 21 tissue blocks over 15 days was
measured. Bars show mean virus release relative to that for the wt virus. Error bars, SEMs.

mutants thereof. In order to completely block de novo synthe-
sis of Vpr, cells were treated with a combination of the protein
biosynthesis inhibitors puromycin, cycloheximide, and emetine
24 h posttransfection. Aliquots of cell cultures were removed
during a 24-h treatment period, and equal amounts of cell
lysates were analyzed by Western blotting. All Vpr proteins
had comparable half-lives, except for the P35A mutant, which
exhibited a slightly faster decay starting 6 h posttreatment
(Fig. 2A).

For a more sensitive analysis of protein stability, pulse-chase
metabolic radiolabeling experiments were performed using
HeLa cells transfected with pCMV-FLAG-Vpr vectors as de-
scribed previously (28). Following 10 min of pulse-labeling
with [**S]methionine, cells were chased for as long as 4 h, and
Vpr proteins were recovered from cell lysates by immunopre-
cipitation with FLAG-specific antibodies, separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and ana-
lyzed by fluorography (Fig. 2B). The relative amounts of Vpr
proteins recovered were plotted as a function of time (Fig. 2C).
All mutants exhibited half-lives comparable to that of wt Vpr
except for the P35A mutant, which had a ~1-h shorter half-life.
However, these differences in protein turnover did not affect
the steady-state level of the P35A mutant (Fig. 3C).

In order to investigate a possible role of the proline residues
in the encapsidation of Vpr, HeLa cells were transfected with
the HIV-1; .5 subgenomic expression vector pNLenvl, in
which env is deleted (21), encoding wt Vpr or its proline mu-
tants. Virus-like particles (VLPs) were isolated from cell cul-
ture supernatants and standardized for CA, and the amounts
of encapsidated Vpr were analyzed by Western blotting (Fig.
3A). While the P5A, P10A, and P14A mutants showed a wt
phenotype, the level of incorporation of the P35A mutant into

the virus was reduced to 28%. To further quantify the Vpr/CA
ratio, the total amounts of Vpr and CA present in purified
viruses were quantified by an enzyme-linked immunosorbent
assay (ELISA) (Fig. 3B). The concentration of CA in virus
lysates was determined by a p24 capture ELISA (Aalto, Dub-
lin, Ireland). In parallel, the amount of Vpr determined by a
solid-phase ELISA was calculated from a standard curve gen-
erated by using defined amounts of synthetic Vpr (sVpr). Con-
sistent with results obtained from Western blotting, the encap-
sidation of the PSA, P10A, and P14A mutants was comparable
to that of wt Vpr, yielding a Vpr/CA ratio between 1:7 and
1:11, which is in agreement with earlier reports for wt Vpr (17).
However, encapsidation of the P35A mutant was again re-
duced to 24%, yielding a Vpr/CA ratio of 1:38.

In a further assay, we verified that the reduced encapsidation
of the P35A mutant is not due to potential changes in the
intracellular steady-state level. Since Vpr expression driven
by the subgenomic HIV-1 vector pNLenvl is too low for
unambiguous quantification of Vpr in cell extracts, HeLa
cells were cotransfected with a vpr- and env-deficient vector,
pNLenvAvpr, and the pCMV-FLAG-Vpr expression plasmids.
As shown in Fig. 3C and in agreement with the results de-
scribed above (Fig. 2 and data not shown), the intracellular
steady-state levels of all proline mutants were comparable to
that of wt Vpr and were not affected by the slight differences in
protein half-life (Fig. 2). Nevertheless, encapsidation of the
P35A mutant was again reduced to 30%, indicating a loss of
Vpr binding to p6.

Previous nuclear magnetic resonance (NMR) structural
studies of sVpr and fragments thereof have shown that Pro-35
terminates the first N-terminal helix and comprises the center
of a turn-like structure leading to helix 2 (residues 38 to 50)
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FIG. 2. Effects of proline residues on the protein stability of Vpr.
(A) In transfected HeLa cells, protein biosynthesis was blocked. Sam-
ples were taken at the times indicated, and cell lysates were subjected
to Western blotting. (B) Transfected cells were pulse-labeled with
[**S]methionine for 10 min and chased for the times indicated. After
cell lysis, FLAG-Vpr was immunoprecipitated with anti-FLAG anti-
bodies, separated by 15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and analyzed by fluorography. (C) The Vpr proteins
for which results are shown in panel B were quantified with an image
analyzer. The percentages of wt Vpr and proline mutants recovered
relative to the amounts present at the end of the pulse (0 h) were
plotted as a function of time.

(Fig. 4C) (4, 16, 25, 26). In order to investigate the conse-
quences of the P35A mutation for the structure in this region,
NMR data recorded in 50% trifluoroethanol were compared
for the two related synthetic peptides sVpr'*® and sVpr'°
P35A (for experimental details, see the supplemental mate-
rial). In the case of sVpr'™® (Fig. 4A), the "H,, chemical shift
differences imply the presence of an a-helix comprising resi-
dues Tyr-15 to Arg-32 that is bounded N- and C-terminally by
Pro-14 and Pro-35, respectively (4). The sVpr'~° P35A mutant
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FIG. 3. Effects of proline residues on Vpr incorporation into
HIV-1 virions. (A) VLPs were produced in HeLa cells transfected with
pNLenvl. At 48 h posttransfection, VLPs were pelleted and analyzed
by Western blotting using antisera for Vpr and CA. Shown is a West-
ern blot from one representative experiment. The relative amounts of
Vpr incorporated = SEMs from three independent experiments, as
quantified by image analysis, are given below. (B) Absolute amounts of
CA and Vpr in purified viral supernatants were determined by ELISA.
293T cells were transfected with HIV-1y;,5 and its Vpr mutants,
supernatants were purified, and virions were harvested by ultracentri-
fugation. The absolute quantities of Vpr and CA in virions were each
determined by ELISA techniques. (C) Incorporation of FLAG-Vpr
mutants into VLPs in cells cotransfected with pCMV-FLAG-Vpr and
pNLAenvAvpr. The intracellular steady-state level and the amount of
FLAG-Vpr incorporated into VLPs were determined by Western blot-
ting using anti-FLAG and anti-CA specific antibodies.

shows in its N-terminal and central regions 'H,, differences that
are almost identical with those of the wt peptide. However,
pronounced upfield shifts were identified for residues 32 to 39,
providing strong evidence of a loss of the turn-like structure
identified in sVpr'“° (Fig. 4A and B). The formation of a
C-terminal extension of helix 1 implies a fusion of helices 1 and
2 and a strong influence of Pro-35 on the structure of Vpr.
Generally, Vpr consists of three well-defined a-helices, lo-
cated between residues 17 and 33 (helix 1), 38 and 50 (helix 2),
and 56 and 77 (helix 3), in a defined tertiary structure (Fig. 4C)
(16). This, taken together with the empirical predictions and
our experimental data (Fig. 4), clearly suggests that the P35A
mutation would increase the helical character in the region
between the original two helices (helices 1 and 2) to give one
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FIG. 4. (A and B) 'H chemical shift differences (A8) of the a-protons between the experimentally determined values and those for residues in
a random coil for sVpr'*® (A) and sVpr'“° P35A (B). (C) Experimental 3-dimensional structure of Vpr (available at http://www.pdb.org under
PDB ID 1MS8L and published in reference 16) showing the relative positions of the three helices and Pro-35. (D) Calculated conformation of the
P35A mutant in which helix 1 (a1) has merged with helix 2 («2) to give an antiparallel arrangement of helices. This was modeled by moving helix
1 and folding the interhelical residues, between helices 1 and 2, into a helical conformation to form a merged, extended structure, termed helix
1+2 (a1+2). The relative positions of the original helices 2 and 3 were unaltered in this conformation.
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long, extended helical region comprising residues 17 to 50 and
termed helix 1+2 (Fig. 4D). This merging of the two helices
will result in a rearrangement within the hydrophobic core of
the molecule and thus in a significant global change of the
structure of Vpr in the p6 binding region (Fig. 1 and 4).

Vpr has been reported to augment virus replication in
terminally differentiated cells from the monocyte/macro-
phage lineage by facilitating the import of the viral pre-
integration complex across the nuclear membrane, thereby
supporting the integration of HIV proviral DNA into the
host genome (5). Here we show that a mutation of Pro-35
changes the structure of Vpr, which results in decreased
encapsidation of Vpr and compromises the replication of
R5-tropic HIV-1 in HLT.
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