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Abstract: Vpr, one of the accessory gene products encoded by HIV-1, is a 96-residue protein with a number
of functions, including targeting of the viral pre-integration complex to the nucleus and inducing growth
arrest of dividing cells. We have characterized by 2D NMR the solution conformations of bioactive synthetic
peptide fragments of Vpr encompassing a pair of H(F/S)RIG sequence motifs (residues 71–75 and 78–82 of
HIV-1 Vpr) that cause cell membrane permeabilization and death in yeast and mammalian cells. Due to
limited solubility of the peptides in water, their structures were studied in aqueous trifluoroethanol. Peptide
Vpr59–86 (residues 59–86 of Vpr) formed an a-helix encompassing residues 60–77, with a kink in the
vicinity of residue 62. The first of the repeated sequence motifs (HFRIG) participated in the well-defined
a-helical domain whereas the second (HSRIG) lay outside the helical domain and formed a reverse turn
followed by a less ordered region. On the other hand, peptides Vpr71–82 and Vpr71–96, in which the sequence
motifs were located at the N-terminus, were largely unstructured under similar conditions, as judged by
their CaH chemical shifts. Thus, the HFRIG and HSRIG motifs adopt a-helical and turn structures,
respectively, when preceded by a helical structure, but are largely unstructured in isolation. The implica-
tions of these findings for interpretation of the structure–function relationships of synthetic peptides
containing these motifs are discussed. © 1998 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

One of the accessory genes of HIV-1, vpr, encodes a
96-residue protein Vpr (viral protein R or virion-as-
sociated protein R) with a molecular mass of 11.4
kDa. Vpr protein is not essential for HIV-1 replica-
tion in established cell lines [1–4], but augments
viral replication in primary macrophages [5,6] and
human mononuclear phagocytes [7]. Because of its

association with the virion, Vpr may have an early
role in HIV-1 infection, possibly in penetration or
uncoating of the virus [8–10] or in nuclear targeting
of the pre-integration complex [11]. Several distinct
domains have been recognized in the amino acid
sequence of Vpr, some of which correlate with
specific biological activities of the protein [12–15].
Of these domains, a region near the C-terminus of
Vpr has been shown to cause growth arrest in

Abbreviations: AIDS, acquired immunodeficiency syndrome; HIV-
1, human immunodeficiency virus type 1; Vpr, viral protein R;
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Figure 1 Amino acid sequence of HIV-1 Vpr protein with
the repeated H(F/S)RIG sequence motifs highlighted. The
region of Vpr for which a solution structure was deter-
mined is boxed.

© 1998 European Peptide Society and John Wiley & Sons, Ltd.
CCC 1075–2617/98/070426-10$17.50



SOLUTION STRUCTURE OF PEPTIDES FROM HIV-1 VPR PROTEIN 427

human cells [12,16] and structural defects in yeast
[17]. It is suggested that dividing cells are arrested
in the G2 phase of the cell cycle, where they are
capable of supporting greater virus production than
cells progressing normally through the cell cycle
[18].

In particular, a pair of H(F/S)RIG amino acid se-
quence motifs at position 71–82 in HIV-1 Vpr has
been shown to cause cell membrane permeabiliza-
tion and death when added externally to various
species of yeast [19]. In CD4+ T lymphocytes, syn-
thetic peptides containing these motifs also caused
permeabilization, mitochondrial dysfunction and
death by apoptosis [20], and the C-terminal region
of Vpr containing these motifs was implicated in
mitochondrial dysfunction in yeast expressing Vpr
[21]. It has been proposed that these sequence mo-
tifs may be responsible for the profound effects of
full-length Vpr on cell proliferation [16,22] and thus
on the ability of the C-terminal part of Vpr to inhibit
chronic infection of dividing cells [16,23]. In addi-
tion, as virion-free Vpr protein has been found in
the serum of HIV-1 infected individuals [24], it is
possible that extracellular Vpr, or peptide fragments
thereof, including these sequence motifs, could con-
tribute to the death of bystander cells in AIDS. In
view of the possible importance of the C-terminal
region of Vpr in HIV-1 infection, we have under-
taken a 2D 1H NMR study of biologically active
synthetic peptide fragments of HIV-1 Vpr from this
region (Figure 1) with the aim of defining their
structures in solution.

MATERIALS AND METHODS

Sample Preparation and NMR Spectroscopy

Peptides were synthesized on an Applied Biosys-
tems 430A peptide synthesizer using the FastMoc
solid-phase technique. The crude peptides were pu-
rified by reversed-phase HPLC and finally verified
by sequencing and/or mass spectrometry. NMR
samples were prepared by dissolving 3.5–4.0 mg of
each peptide in 600 ml of H2O containing 50% TFE-
2H3 by volume. Approximately 0.7 mg (�10 mM)
DTT was added to each sample in order to minimize
possible sample oxidation due to the free cysteine at
position 76. The pH was 3.3, as measured at 295 K
without correction for isotope or solvent effects.

Spectra were recorded at 298 K on Bruker AMX-
500, AMX-600 and DRX-600 spectrometers. Con-
ventional 2D phase-sensitive TOCSY, NOESY and

DQF-COSY spectra were obtained for each sample
using 2048 complex data points in the directly de-
tected dimension (F2) and 512 increments in the F1
dimension, with 64 scans for each increment. Spec-
tra were processed using UXNMR or XWINNMR
(Bruker AG, Karlsruhe) with 60° or 90° phase
shifted sine-squared window functions manipulated
in both dimensions. Analysis of the spectra was
undertaken using XEASY [25], with all spectra be-
ing referenced internally to the residual methylene
protons of TFE-2H3, at 3.90 ppm from 2,2-dimethyl-
2-silapentane-5-sulfonate. 3JNHCaH coupling con-
stants were estimated from DQF-COSY spectra as
described previously [26].

Structural Constraints and Structure Calculation

The volumes of cross-peaks measured from a
NOESY spectrum with a mixing time of 300 ms were
used to derive upper bound interproton distance
restraints. Conversion from NOE volumes to dis-
tance bounds was accomplished using the program
CALIBA [27], with correction for pseudoatoms [28],
and distances were calibrated using the b-
methylene protons of His78. Five predefined classes
were employed in CALIBA: (i) intraresidue cross-
peaks, except those between backbone or b-pro-
tons, (ii) intraresidue and sequential cross-peaks
between backbone protons or between backbone
and b-protons, (iii) medium range (less than five
residues apart) cross-peaks between backbone pro-
tons or between backbone and b-protons, (iv) other
(i.e. long-range) cross-peaks between backbone pro-
tons and (v) all others. The NOESY cross-peak vol-
umes were considered to be proportional to r−6 for
classes 2, 3 and 4 and r−4 for classes 1 and 5. After
these conversions, a further 0.5 or 1.0 Å was added
to distance constraints involving only backbone
protons or at least one side-chain proton, respec-
tively, to allow for conformational averaging and
possible errors in volume integration. Backbone di-
hedral angle (f) constraints were inferred from
3JNHCaH coupling constants as follows: 3JNHCaHB5
Hz, f= −60°930°; 5 HzB3JNHCaHB6 Hz, f=
−60°940°.

Procedures described previously [26,29] were fol-
lowed for the structure determination of Vpr59–86.
Initial structures were generated with the distance
geometry program DIANA, version 2.8 [27], using
upper bound distance restraints and backbone di-
hedral angle restraints. The resulting structures
were then used to resolve ambiguous NOESY cross-
peak assignments. Once the final set of restraints
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Table 1 lH NMR Chemical Shifts of Vpr59–86 at pH 3.3 and 298 K in 50%
TFE-2H3/50% H2O

a

Residue OthersNH CaH CbH

Ala59 — 4.15 1.55
Ile60 8.40 CgH2 1.50, 1.25; CgH3 0.96; CdH3 0.894.20 1.94
Ile61 7.73 3.96 1.88 CgH2 1.51, 1.28; CgH3 0.95; CdH3 0.88
Arg62 7.73 4.19 1.88, 1.69 CgH2 1.68; CdH2 3.21; NoH 7.17
Ile63 7.33 CgH2 1.56, 1.19; CgH3 0.93; CdH3 0.863.90 2.00
Leu64 7.67 4.06 1.72, 1.52 CgH 1.67; CdH3 0.92, 0.84
Gln65 8.27 CgH2 2.48; NdH2 6.75, 6.373.89 2.19, 2.04
Gln66 7.68 4.13 2.31, 2.25 CgH2 2.52; NdH2 6.86, 6.49
Leu67 8.34 4.15 2.02, 1.52 CgH 1.87; CdH3 0.91, 0.87
Leu68 8.61 CgH 1.78; CdH3 0.86, 0.814.06 1.93, 1.55
Phe69 C(2,6)H 7.23; C(3,5)H 7.288.25 4.35 3.35
Ile70 8.56 CgH2 1.96, 1.23; CgH3 0.92; CdH3 0.893.60 2.02
His71 8.33 4.11 3.31 C(2)H 8.35; C(4)H 6.84
Phe72 8.58 4.35 3.21 C(2,6)H 7.19; C(3,5)H 7.25
Arg73 8.35 CgH2 1.44; CdH2 2.95; NoH 7.003.87 1.73, 1.47
Ile74 CgH2 1.60, 1.12; CgH3 0.82; CdH3 0.748.16 3.83 1.87
Gly75 8.10 3.82, 3.82
Cys76 7.89 4.26 2.85, 2.73
Arg77 7.84 CgH2 1.63; CdH2 3.15; NoH 7.164.15 1.86, 1.79
His78 8.22 4.62 3.33, 3.15 C(2)H 8.47; C(4)H 7.26
Ser79 8.03 4.43 3.90, 3.86
Arg80 8.17 4.34 1.89, 1.80 CgH2 1.63; CdH2 3.16; NoH 7.14
Ile81 7.85 4.12 1.81 CgH2 1.48, 1.15; CgH3 0.89; CdH3 0.83
Gly82 8.15 3.98, 3.89
Val83 7.73 4.16 2.12 CgH3 0.91, 0.89
Thr84 7.94 4.38 4.23 CgH3 1.18
Arg85 8.08 CgH2 1.62; CdH2 3.16; NoH 7.144.36 1.88, 1.75

CgH2 2.23; NdH2 7.38, 6.57Gln86 8.00 4.25 2.14,1.95

a A single entry for methylene protons indicates that it was not established whether the two
resonances were degenerate. Spectra were referenced internally using the residual
methylene protons of TFE-2H3 at 3.90 ppm.

was obtained, a new family of structures was gener-
ated using DIANA, and the 50 with the lowest
penalty function were then refined by simulated
annealing and energy minimization in X-PLOR, ver-
sion 3.1 [30]. Conversion of the data format from
DIANA to X-PLOR was accomplished using the pro-
gram COFIMA [27]. The best 20 structures based on
their stereochemical energies (i.e. the sum of all
contributions to the calculated energy excluding the
electrostatic term) and NOE energies were chosen
for structural analysis. These structures and the
NMR restraints on which they were based have been
deposited in the Brookhaven Protein Data Bank
(accession no. 1dsk). Structural analyses were car-
ried out using the program MOLMOL [31].

RESULTS

Sequence-specific assignments were made using
standard procedures. Table 1 lists the assignments
of Vpr59–86 at pH 3.3 and 298 K in 50% TFE-2H3

and 50% H2O. Figure 2 shows the NH–CaH and
NH–NH regions of a NOESY spectrum of peptide
Vpr59–86 and Figure 3 summarizes the sequential
and medium-range NOE connectivities, including
the 3JNHCaH coupling constants. Due to spectral
overlap, 3JNHCaH coupling constants for Arg62 and
Val83 were not measured. The numerous daN(i, i+
3), daN(i, i+4) and dab(i, i+3) NOE connectivities
and small 3JNHCaH coupling constants (B6 Hz) indi-
cate that an a-helical structure is present. The

© 1998 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 4: 426–435 (1998)



SOLUTION STRUCTURE OF PEPTIDES FROM HIV-1 VPR PROTEIN 429

Figure 2 NH�CaH (a) and NH–NH (b) regions of a 300 ms
mixing time NOESY spectrum of Vpr59–86 in aqueous TFE
at pH 3.3 and 298 K. In the NH–CaH region the daN(i, i+3)
and daN(i, i+4) connectivities, which are indicative of a-
helical structure, are labelled, while in the NH–NH region
sequential dNN connectivities are indicated.

structure of Vpr59–86 was calculated using a total of
267 upper bound distance restraints (excluding
those redundant with the covalent geometry, which
were eliminated by the program DIANA) and 12
backbone dihedral angle constraints. These 267 up-
per bound distance restraints consisted of 128 in-
traresidue, 92 sequential and 47 medium range
(1B �i− j �B5) as summarized in Figure 4a. No
lower bound restraints and no sidechain dihedral
angles restraints were employed. A summary of geo-
metric and energetic parameters for the best 20
structures of Vpr59–86 is given in Table 2.

Backbone RMS deviations over the well-defined
region were quite low, as shown in Figure 4b and
Table 2. Analysis of the backbone angular order
parameters (S) [32,33] of these final 20 structures
indicated that residues 60–80 were well defined
(S\0.9 for both f and c), as shown in Figure 4c,d.
A stereo view of the overall conformation of Vpr59–86

is shown in Figure 5, where the backbone heavy
atoms of the 20 best structures are superimposed
over the well-defined region. On the basis of f and c

angles for the angular average structures and back-
bone hydrogen bonds (Table 3), residues 60–77
were a-helical. Large numbers of i to i−4 backbone

Table 2 Structural Statistics for the 20 Final En-
ergy-Minimized Structures of Vpr59–86 in TFE/Water
at 298 K

RMS deviations from 0.02590.002
experimental distance
restraints (Å) (267)

RMS deviations from 0.01290.024
experimental dihedral
restraints (deg) (12)

RMS deviations from
idealized geometry
bonds (Å) 0.009690.0004
angles (deg) 2.3090.04
impropers (deg) 0.2590.03

Energies (kcal/mol)
ENOE 8.691.1
Ecdih 0.000790.0014

−109.393.9EL–J

71.692.7Ebond+Eangle+Eimproper

−356.197.1Eelec

Backbone heavy atoms/AllMean pairwise RMSD (Å)
heavy atoms

Residues 59–86 2.9090.84/4.1390.90
Residues 60–80 0.9290.29/1.9490.37
(Sf, c\0.9)

hydrogen bonds were present in the final structures
(Table 3), even though hydrogen bond restraints
were not included in the structure calculations. A
helical wheel diagram of the a-helical residues 60–
77 is shown in Figure 6.

Sequential assignments were also made for pep-
tides Vpr71–82 and Vpr71–96, in which the H(F/S)RIG
repeat motifs were not preceded by the helical do-
main. One of these, Vpr71–82, consisted of just the
two motifs plus the two intervening residues in the
native Vpr sequence, while the second, Vpr71–96,

© 1998 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 4: 426–435 (1998)
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Figure 4 Summary of parameters characterising the final
structures of Vpr59–86. (a) Distribution of upper bound
restraints employed in the final round of structure calcu-
lations, with black, cross-hatched and open bars repre-
senting medium-range, sequential and intraresidue
restraints, respectively. (b) RMS deviations from the mean
structure for backbone heavy atoms (N, Ca and C) over the
final 20 structures superimposed across the entire length
of the peptide. (c, d) Angular order parameters for the
backbone dihedral angles f and c, respectively.

incorporated this region plus the basic C-terminus of
Vpr (Figure 1). Plots of the deviations of CaH chemical
shifts from random coil values [34] for these two
peptides are shown in Figure 7.

DISCUSSION

In the solution structure of peptide Vpr59–86 the
helix is slightly kinked around residue 62 and
shows slight curvature (Figure 5, Table 3). Curva-
ture towards the less polar face of a helix is ex-
pected in amphipathic helices such as those from
Vpr (Figure 6), but, as has been noted previously,
the direction and degree of curvature may also be
influenced by the NMR restraint set [35]. The struc-
ture of peptide Vpr59–86 shows clearly that the first
of the repeated sequence motifs (HFRIG, corre-
sponding to residues 71–75) is part of the well-de-
fined a-helical domain (residues 60–77). The
second (HSRIG, corresponding to residues 78–82)
lay outside the helical domain, and the last two
residues were not even particularly well defined in
our structures. The failure of the second motif to
participate in the helix may reflect the lower prefer-
ence of Ser for a helical conformation compared
with Phe [36]. Inspection of the assembly of struc-
tures also suggests that there is a chain reversal
around residues 78 and 79, and the f and c angles
(Table 3) are consistent with a distorted Type I turn

Figure 3 Summary of NMR data for Vpr59–86 in aqueous
TFE at pH 3.3 and 298 K. Filled bars indicate sequential
NOE connectivities, with the heights of the bars reflecting
their relative strength (strong, medium or weak); a uni-
form height is used for the medium-range NOE connectiv-
ities. An asterisk (*) indicates that the presence of an NOE
could not be confirmed unambiguously due to overlap.
Residues with values of 3JNHCaHB6 Hz are indicated with
¡. Residues with values of 3JNHCaH in the range of 6–8 Hz
and residues for which 3JNHCaH could not be measured are
left blank; no residues with 3JNHCaH\8 Hz were observed.

[37]. In six of the 20 structures there is an i to i−3
hydrogen bond from Arg80 to Arg77 (Table 3). Thus,
it may be concluded that in full-length Vpr the first
motif would be helical and the second would form a
reverse turn followed by a less ordered region. This
region may include 310-helix, as residues 81–84
formed a turn of 310-helix in nearly half of the 20
structures (with average f/c angles of −54/−13,
−52/−19, −60/−23 and −117/−8, respectively,
in the structures identified by MOLMOL as having a
310-helix in this region), although this is not appar-
ent in Figure 5 because of the poorer definition of
the C-terminal residues of Vpr59–86 relative to the
rest of the peptide.

© 1998 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 4: 426–435 (1998)
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For the peptides Vpr71–82 and Vpr71–96, in which
the H(F/S)RIG repeat motifs are not preceded by the
helical domain, there are some similarities between
the patterns for residues 71–82 in the two peptides
(Figure 7b, c), but most of the CaH chemical shifts
are close to random coil values, leading to the con-
clusion that in isolation these peptide motifs do not
adopt a stable secondary structure. This marked
contrast with the chemical shifts for the corre-
sponding residues when preceded by a helical re-
gion, particularly for the first of the repeated motifs,
indicates that the ability of these motifs to partici-
pate in a helix and reverse turn is context-depen-
dent. It is likely that the helical structure of the first
motif will be present in peptides that have one or

two turns of helix preceding the start of the motif.
By contrast, extension of these peptides in the C-
terminal direction had less effect on the chemical
shifts, and by inference the solution structure, of
the motifs. Furthermore, the C-terminal region itself
appears to be mainly unstructured, although the
slightly negative CaH chemical shift deviations for
residues 81–92 (Figure 7c) suggest that there is a
weak tendency for helix formation in this region.

It has been proposed previously that a leucine/
isoleucine-rich (LR) domain from residues 60 to 81
is capable of forming a leucine-zipper-like structure
which, when fused to the basic domain of the cyclic
AMP-responsive element binding protein CREB,
supports specific DNA binding by the CREB basic
domain [38]. The LR domain is also important in the
interaction of Vpr with RIP, a host protein of un-
known function [39]. Our results also confirm that
the region of Vpr from residues 60 to 81 is largely
helical, as required by the proposal that this region
behaves as a leucine zipper [38]. Under the condi-
tions examined here, however, the helix did not
extend beyond residue 78 and thus presents only
three Ile/Leu residues (60, 67 and 74) at a single
position on the hydrophobic face of the helix (Figure
6), one less than suggested by Wang et al. [38], who
included Ile81. Moreover, the structure was well
defined as far as residue 80 and was clearly non-he-
lical, so some energetic penalty would be needed to
force this region into a helical structure in a com-
plex with other proteins or nucleic acid. In model
leucine zippers, leucine residues must occupy at
least two of the four d positions that make up the
core of the dimer interface [40]. In the HIV-1 Vpr
sequence investigated here, the 60–81 region would
contain only one leucine and three isoleucine
residues even if the helix did extend to residue 81.
Thus, our data imply that, at least structurally, this
region is not a strong candidate for a leucine zipper.

Recently, the activities of Vpr peptides containing
the HFRIGCRHSRIG sequence have been assessed
in a yeast LD50 assay that measures the concentra-
tion of peptides required to cause 50% cell killing in
1 h [41]. In these assays the HFRIGCRHSRIG se-
quence alone (Vpr71–82) had an LD50 of 750 nM,
while additional surrounding sequences appeared
to cause an increase in toxicity. For example, the
Vpr59–86 peptide investigated by NMR had an LD50

of 200 nM. While the second motif fused to the
downstream Vpr sequence, Vpr76–96, has also been
shown to be cytotoxic [19,20], there have been no
previous reports on the effects of the first motif
fused to upstream sequences. The non-acetylated

Table 3 Average Backbone f, c Angles Over the 20
Final Energy-Minimized Structures, and the Num-
ber of C�O···HN Intramolecular H-bonds (i to i+4
and i to i+3) in the 20 Final Structuresa

Residue f (deg) c (deg) C�O···HN H-bonds

i to i+3i to i+4

2053949— 18Ala59
Ile60 −4994 −4397 20
Ile61 −7094 1399
Arg62 −13597 −4395

12Ile63 −6095 −5194
19Leu64 −6898 −3096 19

20−2193−5995Gln65
6−7194Gln66 −3093

412−4693−8196Leu67
20−3395−6295Leu68

Phe69 −5194 −4795 20
Ile70 −6596 −4796 20
His71 −6795 −2699 10

15−3797−9097Phe72
−5199 4−6898Arg73

Ile74 −66911 −4198 13
Gly75 −58910 −49914 12

3 1Cys76 −70917 097
Arg77 −8298 −26911 6
His78 −48910 −3697
Ser79 −168919 3499 1 5
Arg80 3897 50914 1 5

10927−28953Ile81 10
Gly82 −55976 −12945 5
Val83 −55916 −27917
Thr84 −130993 −25951
Arg85 −53957 82945
Gln86 −86987 —

a Data shown in the table were generated using the pro-
gram MOLMOL [31].
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Figure 5 Stereo views of (a) the backbone atoms of 20 final structures of Vpr59–86 superimposed over the backbone heavy
atoms of residues 60–80 and (b) the structure closest to the average conformation of the 20 structures, with the backbone
highlighted with darker shading and the repeated H(F/S)RIG sequence motifs shown in bold. Residues are labelled at
backbone Ca positions.

form of Vpr50–75 had an LD50 of 1000 nM, similar
to the toxicity of the pair of motifs in isolation
(Vpr71–82) and slightly weaker than that of peptides
containing the pair of motifs flanked by additional
residues on both sides (e.g. Vpr59–86). The most
cytotoxic peptide in yeast was Vpr63–90, with an

LD50 of 10 nM [41]. It appears that maximum ex-
pression of the cytotoxic activity of the pair of se-
quence motifs required the presence of an
N-terminal extension, which would have the effect
of stabilising the helical structure of the first motif.
The addition of residues 83–86 (VTRQ) also in-

© 1998 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 4: 426–435 (1998)
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Figure 6 The a-helical region of Vpr59–86 viewed as an
axial projection in a helical wheel presentation.

In conclusion, interpretation of the structure–
function relationships of HIV-1 Vpr has been com-
plicated by the multiplicity of functions ascribed to
it, and uncertainty as to which of these functions
are the most important in the establishment and
progression of HIV-1 infection in man. In this study
we have focused on the C-terminal half of the
protein, which includes regions implicated in cell
membrane permeabilization, growth arrest and
apoptosis. Our solution structures show that the
HFRIG and HSRIG sequence motifs adopt helical
and turn structures, respectively, when preceded by
a helical structure, as in full-length Vpr, but are
largely unstructured in isolation. In elucidating the
structure–function relationships of these motifs in
relation to their effects on membrane integrity and
cell proliferation, therefore, it will be necessary to
take account of the effect of flanking residues on the
structure. In particular, 7–8 residues, sufficient to
support at least 1–2 turns of helix, should be in-
cluded at the N-terminus of synthetic peptide ana-
logues of Vpr to ensure that they are able to adopt
the same structure as in the full-length protein.
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