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We have previously reported that the accessory protein Vpr from human immunodeficiency virus type 1
forms cation-selective ion channels in planar lipid bilayers and is able to depolarize intact cultured neurons
by causing an inward sodium current, resulting in cell death. In this study, we used site-directed mutagenesis
and synthetic peptides to identify the structural regions responsible for the above functions. Mutations in the
N-terminal region of Vpr were found to affect channel activity, whereas this activity was not affected by
mutations in the hydrophobic region of Vpr (amino acids 53 to 71). Analysis of mutants containing changes in
the basic C terminus confirmed previous results that this region, although not necessary for ion channel
function, was responsible for the observed rectification of wild-type Vpr currents. A peptide comprising the first
40 N-terminal amino acids of Vpr (N40) was found to be sufficient to form ion channels similar to those caused
by wild-type Vpr in planar lipid bilayers. Furthermore, N40 was able to cause depolarization of the plasma-
lemma and cell death in cultured hippocampal neurons with a time course similar to that seen with wild-type
Vpr, supporting the idea that this region is responsible for Vpr ion channel function and cytotoxic effects. Since
Vpr is found in the serum and cerebrospinal fluids of AIDS patients, these results may have significance for

AIDS pathology.

Although the accessory protein Vpr from human immuno-
deficiency virus type 1 (HIV-1) is not essential for viral repli-
cation in CD4" T cells, it has been suggested that it plays
important roles either in the early or in the late stages of the
life cycle (for a review, see reference 18). It accelerates viral
replication in primary macrophages/monocytes (3), possibly
through its role in the transport of the preintegration complex
to the nucleus (11, 13). Other demonstrated effects of Vpr
include arresting cells in the G, phase of the cell cycle (4, 9, 12,
16, 30, 32) and causing apoptosis and/or cell death (2, 21, 34),
as well as playing a role in transactivation (7). Vpr is predom-
inantly located in the nucleus of infected cells (19, 23) and is
also present in virus particles. Recently, Levy et al. (17, 18)
demonstrated that Vpr can also be found in the sera of AIDS
patients as well as in the cerebrospinal fluid of patients with
neurological disorders (AIDS dementia).

Vpr appears to have several structural regions including an
N-terminal region predicted by the Chou-Fasman algorithm to
be a-helical (amino acids 16 to 35); a hydrophobic, possibly
a-helical region (amino acids 53 to 71); and a basic C terminus
with two repeats of a conserved H(F/S)RIG motif. Mutational
analysis has suggested that the N-terminal region of Vpr is
important for nuclear localization (8, 38), virion incorporation
(8, 24, 25, 38), and oligomerization (39) while the C terminus
is mainly responsible for causing cell cycle arrest (6, 8, 16, 40)
and mitochondrial dysfunction (2, 22).

The mechanism of action for any of the functions of Vpr is

* Corresponding author. Mailing address: Membrane Biology Pro-
gram, John Curtin School of Medical Research, Australian National
University, Canberra, ACT 2601, Australia. Phone: 612-6249-2759.
Fax: 612-6249-0415. E-mail: Graeme.Cox@anu.edu.au.

+ Present address: Department of Microbiology, University of Ala-
bama, Birmingham, Ala.

4230

as yet unknown. We reported previously that Vpr can form
cation-selective ion channels in planar lipid bilayers (27). In
addition, extracellular Vpr is able to associate with the cell
membrane and cause a large inward sodium current resulting
in depolarization and eventually cell death in cultured rat hip-
pocampal neurons (28). Recently, several other small viral
proteins including M2 from influenza A virus (14, 29), NB
from influenza B virus (35), and Vpu from HIV-1 (10, 33), all
of which possess a single hydrophobic region, have also been
reported to form ion channels in planar lipid bilayers, suggest-
ing a wider role for ion channels in the replication of envel-
oped viruses.

In this study, we investigated, with site-directed mutagenesis
and synthetic peptides, which structural regions of Vpr are
responsible for the formation of ion channels in planar lipid
bilayers as well as for plasmalemma depolarization and cyto-
toxic effects on intact hippocampal neurons. Our results indi-
cate that the first 40 N-terminal amino acids of Vpr are suffi-
cient to form ion channels in planar lipid bilayers and to
produce cytotoxic effects in hippocampal neurons which are
probably due to depolarization of the plasmalemma. Muta-
tional analysis indicates that the positively charged C terminus
is not necessary for ion channel formation but is responsible
for the rectification of currents at positive potentials observed
with wild-type (WT) Vpr. The C-terminal amino acids 76 to 96
can cause cell death of cultured hippocampal neurons but
without plasmalemma depolarization comparable to that
caused by Vpr. For the first time, these results directly link the
region of Vpr responsible for ion channel function with its
cytotoxic effects on cultured neurons. The results may be useful
for the development of therapies to treat AIDS symptoms.

MATERIALS AND METHODS

Site-directed mutagenesis. With the exception of VprAl, which corresponds to
a form of Vpr with the C terminus truncated (27), and VprA2, which was
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TABLE 1. Vpr mutant proteins and synthetic peptides used in this study

Mutant or peptide

Effect on channel activity

(location and designation) Description
Mutants
C-terminal region
VprAl® Deletion of 8 to 9 amino acids from the C terminus
VprR95Q

Hydrophobic region
VprA2
VprE58Q

N-terminal region
VprE21Q
VprE24Q
Peptides
C-terminal region, C21

N-terminal region

N21 Peptide containing the first 21 N-terminal amino acids
N40 Peptide containing the first 40 N-terminal amino acids

Point mutation disrupting the proposed salt bridge between R95 and N terminus

Deletion of 11 amino acids (63 to 73) and point mutation G75R
Point mutation disrupting the proposed salt bridge between E58 and R62

Point mutation in the proposed N-terminal a-helix (amino acids 16 to 34)
Point mutation in the proposed N-terminal a-helix (amino acids 16 to 34)

Peptide containing the last 21 C-terminal amino acids

No rectification
Channel activity as WT Vpr

Channel activity as WT Vpr
Channel activity as WT Vpr

Altered Na™ permeability
Altered Na™ permeability

Channels only under special
conditions

No channel activity
Channel activity as WT

“ VprAl represents C-terminally truncated Vpr obtained by purification as described elsewhere (27).

generated by PCR, mutations in Vpr were generated by double-stranded mu-
tagenesis of the plasmid p2GEX-Vpr (27) by the unique site elimination tech-
nique (unique site elimination kit; Pharmacia). The selection primer (5" GCTG
TTAGCAGGCCTATTAAGTTCTG 3') changed the unique Apal site in the
p2GEX plasmid to Stul and was used in conjunction with the target primers
GAACCCGTCCACATGTTCGGTATTATT, GAATGGACACTGCAGCTTT
TAGAGGAG, GGACACTAGAGCTTCTGCAGCAGCTTAAGAAT, and GAA
ATGGAGCTAGCCAATCCTAGACTGAATTCC to generate the mutations
VprE58Q, VprE21Q, VprE24Q, and VprR95Q, respectively. Mutations were
confirmed by DNA sequencing performed in the Biomolecular Resource Facility
(John Curtin School of Medical Research, Australian National University, Can-
berra, Australia).

Protein expression and purification. Recombinant WT Vpr was purified as
described previously (27) and appeared homogeneous on Coomassie brilliant
blue R250-stained polyacrylamide gels (see Fig. 1B, lane 1). We estimate this
preparation to be >99% pure. Mutant Vpr proteins were expressed and purified
by the same method, and while the degree of purity as estimated by polyacryl-
amide gel electrophoresis varied depending on the particular mutation, we esti-
mate all mutant preparations to be >90% pure (data not shown). This level of
purity was considered sufficient for experiments aimed at detecting changes in
the mutant proteins’ ion channel activity compared with that of the WT. Briefly,
the proteins were expressed as glutathione S-transferase fusion proteins in Esch-
erichia coli and purified by affinity chromatography with glutathione-agarose

A
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resin (Sigma). The mutant Vpr proteins were then cleaved from glutathione
S-transferase with thrombin and further purified by cation-exchange high-pres-
sure liquid chromatography (HPLC). Purified mutant Vpr was identified by
sodium dodecyl sulfate gels and Western blotting with polyclonal anti-Vpr anti-
bodies raised in rabbits (Fig. 1C) (27) and stored in 20 mM Tris (pH 7.0)
containing the zwitterionic detergent 3-[(3-cholamidopropyl)-dimethylammo-
nioJ-1-propanesulfonate (CHAPS; 0.5%), glycerol (20%), and 500 mM NaCl.
Vpr with the C terminus truncated (VprAl) was purified as described elsewhere
27).

Synthetic peptides. Vpr peptides comprising the first 21 (N21) or 40 (N40)
N-terminal amino acids and the last 21 (C21) C-terminal amino acids (see Fig. 1)
were synthesized in the Biomolecular Resource Facility (Australian National
University) with an Applied Biosystems model 477a machine. The peptides were
further purified by reverse-phase HPLC with a C,g column to yield a single clear
peak in the elution profile. Mass spectroscopy (MALDITOF; matrix-assisted
laser desorption-time of flight) of the purified N40 peptide revealed a single
molecular ion of the correct molecular mass for the amino acid sequence indi-
cated in Fig. 1. For bilayer experiments, peptides were dissolved in cis solution
(500 mM NaCl buffered at pH 6.0 with 10 mM 2-[N-morpholino]ethanesulfonic
acid [MES], 10 mM mercaptoethanol) and added to the cis chamber to obtain
final peptide concentrations of 8 to 40 pM. For confocal laser scanning micros-
copy (CLSM), peptides were dissolved in CHAPS buffer (20 mM Tris, 0.25%
CHAPS, 10% glycerol, pH 7.0) at 6 mM.
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FIG. 1. (A) Amino acid sequence of Vpr. The hydrophobic region is in
boldface italics, the H(F/S)RIG motifs are underlined, and the sites of point
mutations are indicated in boldface. The synthetic peptides are indicated under-
neath the sequence, as are the sites of the deletions in VprAl and VprA2. (B)
Purity of WT Vpr preparation. Lanes 1 and 2, Coomassie blue-stained gel of the
Vpr preparation and molecular mass markers, respectively; lane 3, Western blot
with antibody specific to the C terminus of Vpr. (C) Western blots of HPLC-
purified fractions of Vpr mutant proteins probed with AbN. The arrows indicate
the sizes of full-length Vpr and C-terminally truncated forms of Vpr (VprAl).
Numbers at left show molecular masses in kilodaltons.
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FIG. 2. C-terminal mutants: examples of currents generated in planar lipid bilayers by VprAl (A) and VprR95Q (C) at different holding potentials. The dashed
lines indicate the zero current levels. The average currents are plotted versus holding potential for VprAl (filled circles) (B), VprR95Q (filled squares) (D), and, for

comparison, WT Vpr (open circles).

Recording of ion channel activity. Purified WT and mutant Vpr and synthetic
peptides were tested for their ability to induce channel activity in planar lipid
bilayers as described elsewhere (27). Briefly, bilayers were formed from a mix-
ture of 1-palmitoyl-2-oleoyl phosphatidylethanolamine and 1-palmitoyl-2-oleoyl
phosphatidylcholine (8:2 weight ratio; Avanti Polar Lipids) dissolved in n-decane
(50 mg/ml). For experiments with the C-terminal peptides, the negatively
charged lipid 1-palmitoyl-2-oleoyl phosphatidylserine (PS) was added to the lipid
mixture (5:3:2 ratio of phosphatidylethanolamine to PS to phosphatidylcholine,
respectively). The lipid mixture was painted onto 150- to 200-pm-diameter ap-
ertures in the wall of a 2-ml Delrin cup separating cis and frans chambers
containing 50 and 500 mM salt solutions, respectively, adjusted to pH 6 with 10
mM MES. Voltages were measured in the frans chamber with respect to the
grounded cis chamber with an Axopatch 200 amplifier (Axon Instruments). An
aliquot (10 to 100 pl) of HPLC fractions containing mutant Vpr (in 20 mM
Tris-HCI-20% glycerol-0.5% CHAPS and up to 415 mM NaCl) or an aliquot of
synthetic Vpr peptides (in cis solution) was added to the cis chamber, which was
stirred until channel activity was seen. Currents were recorded and analyzed as
described elsewhere (27). Buffer controls, including HPLC column fractions not
containing Vpr, failed to produce any channel activity when tested in the bilayer
assay. In addition, inhibition of channel activity by the Vpr C-terminal specific
antibody (AbC) (27) was routinely checked as a means of confirming that the
activity was indeed caused by the Vpr polypeptide and not due to some minor
contaminant (see also Fig. 5).

Cell culture. Rat hippocampal neurons were prepared from neonatal rats as
previously reported (31). Briefly, after removal and trituration of the hippocampi
from neonatal rats, dissociated cells were plated on glass coverslips pretreated
with poly(L-lysine) and cultured for 5 to 15 days in a humidified incubator (5%
CO,) in minimal essential medium supplemented with fetal bovine serum (10%),
serum extender (0.1%), glucose (6%), penicillin (2%), and streptomycin (2%).

Plasmalemma depolarization. Depolarization of the plasmalemma after ex-
tracellular addition of purified Vpr mutant proteins or synthetic Vpr peptides
was assessed qualitatively by CLSM (15) in conjunction with the anionic poten-
tial-sensitive dye bis(1,3-dibutylbarbituric acid)trimethine oxonol [DiBa-C4(3)]
(Molecular Probes) as described previously (28). Hippocampal neurons grown

on coverslips were exposed to 3 pl of 55% bath solution (140 mM NaCl, 5 mM
KCl, 3 mM CaCl,, 2 mM MgCl,, 10 mM glucose, 10 mM TES [N-tris(hydroxy-
methyl)methyl-2-aminoethanesulfonic acid], pH 7.3); 20% DiBa-C4(3) (final
concentration of 1 wM); 83 mM NaCl; and 16.7% either CHAPS buffer (negative
control), WT Vpr in CHAPS buffer (final concentration of 1 uM), or synthetic
peptides in CHAPS buffer (final concentration, 1 mM). Confocal images were
recorded at several time points up to 15 min at 37°C. As a positive control,
cultured hippocampal neurons were exposed to the above solutions, substituting
1 M KClI for the 16.7% CHAPS buffer (final concentration of 200 mM KClI),
which depolarizes the transmembrane potential (26).

Cytotoxic effects. The cytotoxic effect of purified Vpr mutant protein (1 uM)
or synthetic Vpr peptides (1 mM) on cultured rat hippocampal neurons was
assessed with CLSM with the membrane-impermeable, nucleic acid-staining
fluorescent dye propidium iodide (PI; Molecular Probes) as described previously
(28). Cells were prepared for CLSM as described above for plasmalemma de-
polarization experiments, except that PT (400 mg/ml in H,O) was added instead
of DiBa-C4(3). For analysis, cells showing intense nuclear staining, indicative of
cell death, were counted at various time points and expressed as a percentage of
the total number of cells as previously described (28).

RESULTS

Mutations in the N-terminal region change ion selectivity.
Inspection of the Vpr amino acid sequence by predictive algo-
rithms indicates three clear structural regions: a basic C-ter-
minal region, a hydrophobic region (amino acids 53 to 71), and
an N-terminal region containing a predicted amphipathic a-
helix (amino acids 16 to 35). The Vpr mutations generated in
this study (Table 1 and Fig. 1A) were designed to investigate
the importance of these three regions for ion channel forma-
tion by Vpr in planar lipid bilayers. The mutant forms of Vpr
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FIG. 3. Hydrophobic region mutants: examples of currents generated in planar lipid bilayers by VprA2 (A) and VprE58Q (C) at different holding potentials. The
dashed lines indicate the zero current levels. The average currents are plotted versus holding potential for VprA2 (filled circles) (B), VprE58Q (filled inverted triangles)

(D), and, for comparison, WT Vpr (open circles).

were expressed in E. coli and purified as described in Materials
and Methods (Fig. 1C) before reconstitution into planar lipid
bilayers (27).

C-terminal mutations. We have previously reported that the
C-terminal 8 or 9 amino acids of Vpr are not necessary for
channel activity (27). C-terminally truncated Vpr (VprAl [Ta-
ble 1]) was found to form channels with an ion selectivity
similar to that of WT Vpr, but they do not rectify at positive
potentials (Fig. 2B). Originally, we proposed, based on a com-
puter-generated structural model, a number of specific elec-
trostatic interactions between positively charged amino acids in
the C-terminal region and negatively charged residues in the
N-terminal region (27). In particular, arginine 95 appeared to
be involved in three salt-bridge interactions with N-terminal
glutamates (E6, E13, and E17). To test the role of these pro-
posed interactions in channel function, the mutant VprR95Q
was constructed. Rather than altering channel properties, this
mutant Vpr protein exhibited ion channel activity indistin-
guishable from that of WT Vpr in planar lipid bilayers (Fig. 2C
and D). While further mutations are required in this region to
identify the key residues of the Vpr C terminus that affect
rectification, the results support the idea that the C terminus is
not necessary for ion channel formation.

Hydrophobic region mutations. By analogy with other viral
ion channels such as M2 from influenza A virus (14, 29), NB
from influenza B virus (35), and Vpu from HIV-1 (10, 33), it
seemed likely that the hydrophobic region of Vpr (amino acids

53 to 71) might form the transmembrane pore of the channel
in the form of a bundle of a-helices. To test the role of this
hydrophobic region in Vpr channel formation, the following
two mutants were designed. The mutant VprA2 was designed
to curtail the hydrophobic region so that the proposed hy-
drophobic a-helix would be too short to span the bilayer.
VprES8Q was designed to disrupt the putative salt bridge in
the proposed hydrophobic a-helix, leaving an unpaired posi-
tively charged residue to be buried in the bilayer. In all exper-
iments in which either purified VprA2 (n = 38) or purified
VprE5S8Q (n = 12) was tested in planar lipid bilayers, currents
similar to those caused by WT Vpr were observed. Figure 3
shows typical channel recordings at different potentials and
current-voltage relationships for VprA2 (A and B) and
VprES8Q (C and D), respectively. It was concluded that the
hydrophobic domain of Vpr was unlikely to play a role in ion
channel function by forming a transmembrane «-helix.
N-terminal mutations. Since both the C terminus and hy-
drophobic region of Vpr appeared not to be necessary for ion
channel formation by Vpr, the Vpr N-terminal region was
examined. It has previously been noted (8, 25, 38) that the
N-terminal region of Vpr has the propensity to form an a-helix
based on structural predictive methods, and this is strongly
supported by circular dichroism analysis of synthetic peptides
corresponding to residues 17 to 34 of Vpr (20). Rather than
attempting to completely disrupt the putative helical structure
and hence severely impairing function without yielding any
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FIG. 4. N-terminal mutants: examples of currents generated in planar lipid bilayers by VprE21Q (A) and VprE24Q (C) at different holding potentials. The dashed
lines indicate the zero current levels. The average currents are plotted versus holding potential for VprE21Q (filled triangles) (B), VprE24Q (inverted filled triangles)

(D), and, for comparison, WT Vpr (open circles).

information as to which specific residues of the helix might be
important, we chose to target residues that might be expected
to be involved in lining the pore and/or interacting with the
cations moving through the channel. To that end, point muta-
tions in the N-terminal region, VprE21Q and VprE24Q, were
designed to remove negative charges from the hydrophilic face
of the proposed amphipathic a-helix. Both of these mutant
proteins formed ion channels (22 and 20 experiments, respec-
tively) that were less cation selective than those formed by WT
Vpr. They both had reversal potentials more negative than
+20 mV compared with +35 mV for WT Vpr channels (Fig.
4). The ratio of sodium to chloride ion permeability (calculated
with the Goldman-Hodgkin-Katz equation based on ion activ-
ities) for VprE21Q and VprE24Q channels was at least four
times lower than that for WT Vpr channels (PNa/PCl ratio of
2.5 for VprE21Q and VprE24Q and 11 for WT Vpr). This
effect on sodium permeability of these mutations indicates that
these residues are involved in the ion selectivity filter of the
channel.

Another striking feature of the channels formed by the
VprE21Q mutant is that the currents do not rectify at positive
potentials (Fig. 4A and B). It is possible that glutamate 21 may
be involved in electrostatic interactions with residues in the C
terminus (presumably not arginine 95) that lead to the recti-
fication.

To confirm that the different channel properties observed in
the preparation of these mutant proteins were directly attrib-
utable to Vpr, inhibition by an antibody specific to the Vpr C

terminus (27) was tested (Fig. 5). In the case of both E21Q
(data not shown) and E24Q, channel activity was abrogated by
the presence of the antibody, in a fashion identical to that of
either WT Vpr or the E58Q mutant (included as a control). It
was concluded that the altered channel activity of the mutants
was indeed due to Vpr, confirming also that the mutant deriv-
atives were full length and not C-terminally truncated.

The N-terminal region of Vpr forms ion channels and kills
intact neurons. In an attempt to define a minimal region of
Vpr that could still form an ion channel, synthetic peptides
consisting of the first 21 (N21) and 40 (N40) amino acids of
Vpr (Table 1) were tested in planar lipid bilayers. N21 did not
cause any detectable currents in planar lipid bilayers at various
holding potentials in eight experiments (Fig. 6B) in contrast to
N40, which produced ion channel activity in 22 experiments.
Peptide concentrations as low as 5 uM were observed to gen-
erate channel activity. However, at this concentration, incon-
veniently long periods of stirring were required before activity
was observed. A 40 pM concentration was found to produce
activity within about 5 min after addition to the cis chamber,
and the size of the currents was similar to those generated by
full-length recombinant WT Vpr (at approximately 2 to 20
nM). The channels had the same ion selectivity as WT Vpr
channels. Channels formed by N40 did not show rectification at
positive potentials, consistent with the absence of the C-termi-
nal region. Figure 6A depicts a typical example of currents
induced by N40 at different holding potentials and the current-
voltage relationship (Fig. 6B). From these results, we conclude
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that the fundamental channel-forming structure in Vpr is lo-
cated in the N-terminal region of the molecule and probably
involves the predicted amphipathic a-helix that includes amino
acids 16 to 35.

Qualitative assessments of transmembrane potential changes
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in intact neurons were performed as previously described with
the potential-sensitive dye DiBa-C4(3) (28). Extracellular ad-
dition of N40 (at 1 mM) resulted in increased fluorescence of
the dye as seen with WT Vpr (at approximately 1 pM [Fig.
7A]), indicating a similar level of depolarization. The approx-
imately 1,000-fold relative potency difference between full-
length WT Vpr and N40 thus agreed very well with the differ-
ence observed in the ability to form channels in planar lipid
bilayers (see above).

Exposure to N21 did not give an increased fluorescence (Fig.
7D), indicating that the plasmalemma was not significantly
depolarized by this peptide. It was concluded that the N-ter-
minal 40 amino acids of Vpr are mainly responsible for the
ability of WT Vpr to depolarize the plasmalemma of neurons.

Death of cultured hippocampal neurons after exposure to
N21 and N40 was determined with PI in combination with
CLSM (see Materials and Methods). Exposure to N40 and WT
Vpr resulted in similar rates of cell death, while exposure to
N21 did not result in cell killing at rates higher than those in
control experiments with CHAPS buffer (Fig. 8). The killing of
neurons by the N40 peptide and by WT Vpr is consistent with
their ability to form ion channels (Fig. 6) and to cause plas-
malemma depolarization (Fig. 7).

Unfortunately, it was not possible to inhibit depolarization
or cell killing with the antibodies specific to the N (AbN) or C
(AbC) terminus of Vpr. While AbN actually activates the
channel activity of Vpr, AbC does not recognize the folded
structure of Vpr in CHAPS buffer but rather recognizes the C
terminus (which would be on the cytoplasmic side of the mem-
brane) only after the conformational change that occurs upon
membrane insertion (27). For that reason, AbC could also not
be used for immunodepletion experiments. Our conclusion
that the observed effects on neurons are a property of the Vpr
N-terminal domain is thus based primarily on the high degree
of purity of the full-length protein and N40 peptide (see Ma-
terials and Methods and also Fig. 1B). Because the WT Vpr
and synthetic peptide were purified from completely indepen-
dent sources which could not contain the same contaminating
molecules, we can conclude that the effects are directly attrib-
utable to the predominant, common, Vpr-specific sequences in
the preparations of both and not to two completely unrelated
minor contaminating species.

A C-terminal peptide kills intact neurons. A peptide corre-
sponding to the last 21 amino acids at the C terminus of Vpr
(C21) was also synthesized to assess its capacity to form ion
channels and to affect intact neurons. Under our usual exper-
imental conditions, the C21 peptide did not produce currents
in planar lipid bilayers nor did exposure of intact neurons to
extracellular C21 result in membrane depolarization detect-
able by DiBa-C4(3) fluorescence (Fig. 7B). However, this pep-
tide consistently resulted in the highest rates of cell death as
indicated by PI fluorescence (Fig. 8). This is consistent with the
observations of Macreadie et al. (21), who reported that ex-
ternally added peptides corresponding to the C-terminal 21 to
26 amino acids of Vpr kill yeast cells.

We decided to investigate further the effect of C21 on planar
lipid bilayers. It was found that ionic currents could indeed be
observed when the frans chamber was held at very high nega-
tive potentials (=100 mV). These currents ceased upon return-
ing to more positive potentials (Fig. 6C). It has been reported
previously (1) that highly basic peptides more readily induce
ionic currents in membranes containing phospholipids with
negatively charged head groups. Accordingly, we tested C21 in
planar lipid bilayers containing PS (Fig. 6D). Under these
conditions, currents were observed at more moderate voltages.
WT Vpr and the N40 peptide formed channels with identical
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FIG. 6. Synthetic peptides: examples of currents generated in planar lipid bilayers by N40 (A) and C21 (C and D) at different holding potentials. The dashed lines
indicate the zero current levels. The average currents are plotted versus holding potential (B) for N40 (crosses), N21 (closed circles), and, for comparison, WT Vpr
(open circles). Currents generated by C21 are shown under normal experimental conditions (C) or when phospholipids contained the negatively charged lipid PS (D).

characteristics in the presence or absence of PS (data not
shown).

In summary, the C-terminal peptide of Vpr was found to be
highly cytotoxic, but because the conditions needed to induce
ion channel activity with C21 were not required for ion channel
activity by full-length Vpr or N40, and because the C21 peptide
did not cause membrane depolarization detectable with the
fluorescent dye, we conclude that the cell killing by C21 may be
caused by a mechanism different from that of WT Vpr. Fur-
ther, while both regions of Vpr have cytotoxic effects on intact
neurons, it appears that the N-terminal region of Vpr forms
ion channels more readily than does the C-terminal region,
which requires higher potentials or the presence of negatively
charged phospholipids to form channels. In addition, the cy-
totoxicity of the C-terminal region is clearly reduced when it is
incorporated into full-length Vpr. Therefore, the N-terminal
region is more likely to be responsible for detrimental effects of
Vpr on neurons (which may lead to AIDS dementia) during
human HIV infection.

DISCUSSION

The results here identify the N-terminal region of Vpr, pro-
posed to contain an amphipathic a-helix (amino acids 16 to
35), as the region responsible for ion channel formation by WT
Vpr in planar lipid bilayers. The N-terminal peptide, N40,

causes gross depolarization of the plasmalemma in neurons
similar to that caused by WT Vpr and N40 kills cultured rat
hippocampal neurons at a rate similar to that for WT Vpr,
suggesting that ion channels formed by the N-terminal region
of Vpr may be important for its depolarizing and cytotoxic
effects. The ability of Vpr to form ion channels, depolarize the
plasmalemma, and kill neurons could thus be mimicked by the
first 40 N-terminal amino acids of Vpr. The N-terminal region
of Vpr is highly conserved (36) and has been proposed to play
important roles in other Vpr functions such as nuclear local-
ization (8, 38), virion incorporation (8, 24, 25, 38), and oli-
gomerization (39). A link between ion channel formation by
Vpr and any of these roles requires further investigation.

The N40 peptide is approximately 1,000-fold less potent
than full-length WT Vpr, both in its ability to form channels in
planar lipid bilayers and in its ability to depolarize and kill
neurons. Presumably, this reflects the fact that parts of Vpr
additional to the N terminus play a role in either membrane
insertion or maintenance of Vpr in the membrane. That both
activities indicate the same difference in potency between full-
length Vpr and N40 supports the notion that the activities are
interrelated.

Our data showing that both E21Q and E24Q mutations in
Vpr alter the ion selectivity of the channel, together with the
circular dichroism studies (20) which show that the N-terminal
region is a-helical, are consistent with the idea that both E21
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FIG. 7. Confocal images of hippocampal neurons in response to the external
application of purified Vpr (A), C21 (B), N40 (C), N21 (D), 200 mM KClI (E),
and CHAPS buffer (F) with the potential-sensitive dye DiBa-C4(3). Purified
full-length Vpr or the synthetic peptides were added to a final concentration of
1 uM or 1 mM, respectively. Images were taken between 10 and 13 min after
treatment at 37°C.

and E24 are on the same hydrophilic face of an amphipathic
helix that either lines the internal surface of the pore or con-
tributes to a region of negative charge involved in the cation
selection mechanism.

Results from this study demonstrate that the hydrophobic
region of Vpr (amino acids 53 to 71), previously predicted to
be the ion channel-forming region (27), is not essential for Vpr
to form ion channels in planar lipid bilayers. Mutations dis-
rupting this structural region of Vpr (VprA2 and VprE58Q)
resulted in ion channel activity similar to that caused by WT
Vpr (Fig. 2). Similarly, C-terminal truncation and a point mu-
tation in the C terminus did not alter the ability of the mutants
to form ion channels. The fact that a peptide comprising the
C-terminal 21 residues of Vpr was able to conduct ions in
planar lipid bilayers only under certain conditions—high neg-
ative potential or in the presence of negatively charged lipids,
neither of which was needed for WT Vpr to form ion chan-
nels—supports our previous conclusion that the C terminus of
Vpr does not play a major role in ion channel formation in
lipid bilayers but is rather responsible for the rectification of
currents in WT Vpr channel activity (27). The C-terminal pep-
tide also failed to cause membrane depolarization detectable
with the fluorescent dye in hippocampal neurons.

It has recently been reported (2, 21) that the extracellular
application of synthetic peptides encompassing parts of the
C-terminal region of Vpr including the conserved H(F/S)RIG
domain can cause membrane permeabilization and cell death
in yeast and mitochondrial dysfunction in CD4* lymphocytes.
Interestingly, the transmembrane potential in yeast and mito-
chondria is in the range of —150 to —200 mV (5, 37), which is
similar to the potentials required to initiate ion channel activity
in planar lipid bilayer experiments in this study. Neurons, in
contrast, maintain transmembrane potentials of —50 to —75
mV, which are below the required potential for induction of
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ion channel activity observed with C21. We were unable to
detect plasmalemma depolarization with the fluorescent dye in
hippocampal neurons exposed to C21 (Fig. 7), although we did
observe cytotoxic effects (Fig. 8). Thus, although we conclude
that the Vpr N terminus is responsible for ion channel forma-
tion, plasmalemma depolarization, and neuronal death caused
by full-length Vpr, we cannot exclude the possibility that the C
terminus has additional roles under certain conditions in par-
ticular cell types. Further studies are needed to elucidate the
cause of the cytotoxic activity of the C-terminal region of Vpr
and its physiological relevance.

In conclusion, our results clearly indicate that the N-termi-
nal domain of Vpr is the main region responsible for cation-
selective channel activity in planar lipid bilayers and, more
importantly, for the extracellular effects of Vpr on cultured
hippocampal neurons including gross plasmalemma depolar-
ization and cell death. Interestingly, preliminary results suggest
that these effects are cell specific as they were not observed in
cultured rat hepatoma cells exposed to WT Vpr (see also
reference 28). Vpr has been reported to be present in the
serum of AIDS patients (18), where because enzyme-linked
immunosorbent assay quantification was not significantly af-
fected by freezing and thawing or the presence of virus-dis-
rupting agents, it was concluded that the majority of the Vpr
was in a non-virus-associated form (1 to 100 pM). Although in
this work we use a relatively high concentration of Vpr (1 pM)
to facilitate our assays, in a previous study (28) we report that
application of Vpr at 0.6 nM to hippocampal neurons caused a
large cation current to be detected. It is feasible that, in vivo,
long-term exposure to even lower concentrations of free Vpr
may be able to impair neuron function. If the ion channel
function of Vpr, which can cause plasmalemma depolarization
and cell death, proves to be involved in causing neurological
disorders observed in AIDS patients with high Vpr levels in the
cerebrospinal fluid in vivo, new therapeutic approaches to
block the Vpr ion channel may conceivably assist in treating
these AIDS symptoms.
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FIG. 8. Cytotoxic effects of extracellular addition of WT Vpr (1 M) and Vpr
peptides (1 mM) on hippocampal neurons expressed as percentages of dead
neurons. The figure shows the effects of exposure to WT Vpr (open circles), N40
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