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Abstract Viral protein of regulation (Vpr) encoded by
human immunodeficiency virus type 1 (HIV-1) is a short
auxiliary protein that is 96 amino acids in length. During
the viral life cycle, Vpr is released into the blood serum and
is able to enter cellular membranes of noninfected cells. In
this study a short peptide, Vprss_g;, was shown to exhibit
ion-channel-like activity when reconstituted into (1) planar
lipid bilayers and (2) lipid bilayers held at the tip of a glass
pipette. The two set-ups led to differences in the oligomeri-
zation state of the peptide, which was reflected in differ-
ences in the conductance levels. Experiments under applied
hydrostatic pressure affect the dynamics of the protein
within the membrane.
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Introduction

Viral protein of regulation (Vpr) is a 96-amino-acid protein
(~14 kDa) that belongs to a set of regulatory or auxiliary
proteins encoded by HIV-1, including Tat, Rev, Vpu, Nef,
and Vif (Wong-Staal et al. 1987; Bukrinsky and Adzhubei
1999). None of these auxiliary proteins is essential for viral
replication in tissue culture, but they are important for viral
replication in experimentally infected rhesus macaques
(Lang et al. 1993) and highly conserved in human and pri-
mate immunodeficiency viruses.

Vpr has been found to induce a series of effects in nondi-
viding host cells such as support of the viral preintegration
process across the nuclear pore (Heinzinger et al. 1994;
Popov et al. 1998), stimulation of gene expression (Cohen
etal. 1990b; Stark and Hay 1998), induction of G, cell-
cycle arrest (Jowett etal. 1995; Mahalingam et al. 1995;
Rogel et al. 1995), and modulation of HIV-induced apopto-
sis (Ayyavoo et al. 1997; Stewart et al. 1997). Vpr is found
in the virion (Cohen et al. 1990a; Miiller et al. 2000) and in
the blood and cerebral fluid of HIV-1 carriers (Levy et al.
1994). When administered extracellularly, Vpr can pene-
trate the plasma membrane and therefore access intracellu-
lar compartments (Arunagiri etal. 1997; Kichler et al.
2000) such as the mitochondria and nucleus. The route of
entering the mitochondria is still controversial but may
involve the formation of lipid pores or interaction with
other mitochondrial factors such as voltage-dependent
anion channels (VDACSs) and the adenine nucleotide trans-
locator (ANT) (Basafiez and Zimmerberg 2001).

Ion current passing through peptide-generated pores is
commonly measured under voltage clamp conditions using
a “bilayer” or “black lipid membrane” technique (Montal
and Miiller 1972). With this technique it has been shown
that Vpr reconstituted into artificial membranes induces the
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formation of channels or pores either as a full-length
protein (Piller et al. 1996) or from specific Vpr-derived
peptides (Jacotot et al. 2001).

Vpr has been shown to oligomerize into dimers in
aqueous trifluoroethanol (TFE) and oligomerizes to higher
aggregates in aqueous solution (Henklein et al. 2000). In this
study we use the synthetic peptide Vprss_g;, which is
believed to be helical, as shown by NMR spectroscopy of
full-length Vpr in 30% trifluoroethanol (Wecker et al. 2002).
A peptide corresponding to Vprs, g4 has also exhibited chan-
nel activity in artificial bilayers (Jacotot et al. 2001).

The bilayer technique has also been used to assess chan-
nel activity of a variety of other viral membrane proteins
and peptides (reviewed in Montal 2003; Fischer and Kriiger
2009). Nonviral peptides have also been tested for their
capability to form channels, for example the classical
examples of alamethicin and gramicidin (Hanke and
Boheim 1980; Woolley and Wallace 1992) or artificial pep-
tides such as LSSLLSL, (n = 1, 2) (Akerfeldt et al. 1993).

For the present study, we used the bilayer technique in
two modifications in order to be able to impose different
mechanical force fields on the membrane and the inserted
peptide formation. In one modification, the artificial
membrane covers the aperture of the tip of a patch pipette
(“tip-dip method”) (Szabo et al. 1969; Coronado and Latorre
1983; Hanke et al. 1984). In this modification, gravitational
forces act perpendicularly on the membrane due to the hor-
izontal mounting. However, comparably stronger forces are
generated by surface charges of the glass walls and the
membrane (Fig. 4b). In the other modification, the bilayer
is generated by raising two lipid monolayers, which cover
an aqueous reservoir on the two sides of an aperture
(Montal and Miiller 1972). Gravitational forces act mainly
in the plane of the membrane (BLM) due to the vertical
mounting of the membrane. In this set-up, the membrane
may also be painted across the aperture (hereafter referred
to as the “painting technique”). Reconstitution of the pro-
teins or peptides using this set-up can follow a series of pro-
tocols such as flashing the relevant peptide/protein against
the membrane, “pre-incubating” the lipids with the peptide/
protein (Mehnert et al. 2007), or using vesicle fusion to
import the protein/peptide into the artificial membrane.

In this study, the two set-ups (tip-dip and painting) and
their effects on the activity of Vprss_ g5 are assessed. So far
researchers have usually used only one of the two set-ups
and methods to investigate their protein/peptide of choice.
Gramicidin is one of the rare occasions where both tech-
niques were used by the same group (Matsuno et al. 2004).
With the tip-dip method, the curvature of the membrane
can be changed with application of hydrostatic pressure
through the pipette. Based on the data, the in vivo mode of
action of Vpr can be assessed when perturbing the lipid
membrane after diffusion through the blood sera.
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Materials and methods
Peptide synthesis

The sequence-based protein partner search (SPPS) for
Vprss_g3 (AGVEAIIRIL,;, QQLLFIHFRI,, GCRHSRIGV-
CONH,) (Henklein et al. 2000) was performed on an ABI
433A automated peptide synthesizer equipped with a UV-
detector from Applied Biosystems on a 0.1 mM scale using
the Fmoc/tert-butyl strategy. The following side-chain-pro-
tecting groups were used during the automated synthesis:
2,2,4,6,7-pentamethyl-dihydro-benzofuran-5-sulfonyl
(Arg), tert-butyl ether (Ser), fert-butyl ester.

After the synthesis, the three peptides were cleaved from
the resin with trifluoroacetic acid/water/triisopropylsilane
(95:3:2 v/v/v) for 3.5 h at room temperature. After evapora-
tion of the cleavage solution and addition of ice-cold
diethyl ether, the crude product was obtained as a white
precipitate. The crude peptides were purified by reverse-
phase HPLC (RP-HPLC) on a Shimadzu LC8 preparative
HPLC using a Zorbax SB C18 column (21.2 x 250 mm,
7 um, Agilent) with a linear gradient of 39% A to 60% B in
50 min (A: 2,500 ml water, 5 ml TFA; B: 2,000 ml acetoni-
trile, 500 ml water, 5 ml TFA) at a flow rate of 10 ml/min
with spectrometric monitoring at 4 =220 nm to give the
final pure products. The purity of the peptides was checked
by RP-HPLC (Shimadzu LC10) on a Nucleosil 300 C18
(4.6 x 125 mm, 5 um) with a linear gradient of 10% A to
100% B over 45 min. ESI-MS and MALDI-TOF-MS
confirmed the correct mass of the product.

Channel recordings

All chemicals used in the experiments, such as potassium
chloride (KC1), trifluoroethanol (TFE), chloroform, n-hex-
ane, and HEPES were obtained from Sigma-Aldrich (USA)
and used without further purification. All of the reagents
were dissolved in deionized water (resistivity of >16.8
MQcm™!) from an ultra-pure water system (Millipore,
USA). The buffer solutions were filtered through 0.22-pum
Milex-GS filters from Millipore prior to use. Synthetic
lecithins  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoetha-
nolamine (POPE) and 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC) (purity 99%) were purchased from Avanti
Polar Lipids (USA).

A lipid mixture of POPE and DOPC (1:4 weight ratio,
total 5 mg/ml) dissolved in n-hexane (1 mg/ml) was painted
onto the aperture in the Delrin cup (diameter of aperture
150 pm) and dried under N,. The two chambers of the Del-
rin cup were then filled with buffer solution (140 mM KCl,
5 mM K*-HEPES, pH 7.0). The peptide was dissolved in
TFE (1 mg/ml), mixed with a 1:4 mixture of POPE and
DOPC (total 5 mg/ml) dissolved in chloroform, and dried
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under N,. The sample was then re-suspended in hexane
leading to a final concentration of 1.0 mg/ml for lipid and
200 ng/ml for Vprss_g;. With a paintbrush, the sample was
transferred to the aperture of the Delrin cup covered by
buffer (painting method). The two chambers were con-
nected to ground (trans) and the input (cis) of an BC-535
amplifier (Warners Instruments, USA). The two chambers
were connected via Ag/AgCl/agar bridges. Voltages were
measured in the cis-chamber with respect to the grounded
trans-chamber. Bilayer formation was monitored electri-
cally from the amplitude of the current pulse generated by a
voltage ramp (typically a capacity of about 0.6 pF/cm?).
The current response was recorded using a 1440A data
acquisition system from Axon Instruments (USA). Data
were filtered with a Bessel-8-pole low-pass-filter at 100 Hz.

Patch-clamp pipettes from borosilicate glass capillary
were made using a microelectrode puller (Science Products,
Hotheim, Germany), and the broken ends were fire-pol-
ished. Glass pipettes were filled with 140 mM KCI, 5 mM
K*-HEPES, pH 7.0, and the tip was immersed in a petri dish
filled with the same solution. After immersion of the pipette,
a mixture of lipid (1 mg/ml) and Vprss_ g3 (1 mg/ml) solution
in n-hexane was added to run down the pipette shaft. Chan-
nel reconstitution into the lipid bilayer at the tip of the patch
pipettes was achieved by lowering and raising the glass
pipette above the solution level (tip-dip method). The solu-
tion was connected to ground (¢rans) and the pipette (cis) to
a patch-clamp 200A amplifier (Axon Instruments). The
trans-electrode was embedded in agar gel. Voltages were
measured in the cis-chamber with respect to the grounded
trans-chamber. Bilayer formation was monitored as the
resistance (around 10 GQ for a bilayer). The current
response was recorded using an Axopatch 1D amplifier with
a THS-1 integrated headstage (Axon Instruments), and data
were filtered with a Bessel-8-pole low-pass-filter at 100 Hz.

Data analysis

The conductance histograms were calculated from the
superposition of individual conductance histograms, deter-
mined by the traces at the respective holding potentials.
Each conductance histogram shows dwell-time-weighted
Gaussian distribution functions for the opening events
(Mehnert et al. 2008). The mean open time was calculated
for each conductance state from cumulative dwell-time his-
tograms fitted with an exponential decay function applying
a steepest descent gradient method (Mehnert et al. 2007).

Results and discussion

A short segment of Vpr, Vprss g3, is investigated for its
ability to form channels in planar lipid bilayers. Using the

“painting” method, we obtain events (Fig. 1a) with conduc-
tance of 8 and 16 pS, with the latter more prominent
(Fig. 1b). Using the “tip-dip” method, channel recordings
(Fig. 2a) show events with conductance levels in the range
of 50-80 pS (0,) and 120-160 pS (O,) (Fig. 2b). The first
open level (O;) can be resolved into a pattern with the most
counts at 65 pS and fewer counts at 80 pS and 54 pS.
This pattern is also reflected in the second open level
(O,) with the counts following the sequence 131 pS > 142/
147 pS > 117 pS. At 167-172 pS, a set of two smaller con-
ductance levels is resolved. A collection of opening events
with 9 and 13 pS conductance levels is observed in bursts
with open times less than 150 ms. To calculate the I/V
curve using the tip-dip method, for each holding potential
an averaged value for the two levels based on a single
Gaussian fit (~60 and 130 pS) is calculated. The I/V curve
of the events indicates an Ohmic behavior for both tech-
niques (Figs. lc, 2¢). The mean open time, 7, is also calcu-
lated as a mean value from all the events. 7, is voltage
independent in the recordings using the tip-dip method and
is found to be around 0.75 s (Fig. 3). Based on the limited
number of events for the painting method, a result cannot
be given. For positive holding potentials using the painting
method, 7, is observed to be around 1.5 and 2.9s at
—60 mV. It is most likely that the mean open time is larger
than reported for the tip-dip method and may be voltage
dependent.

In all cases, the higher conductance levels are found to
be twice as big as the values for the lower conductance lev-
els. Therefore the lower levels can be seen as events from a
“single” large assembly and the larger levels from an open-
ing of another assembly. This is supported by the finding
that the event patterns found with the tip-dip method are
almost identical for both levels. Using the tip-dip method,
conductance levels of 9 and 13 pS also arise, which should
reflect the assembly reported for the painting method.

In another experiment, the effect of membrane curvature
on the conductance levels of Vpr is investigated. Hydro-
static pressure is induced upon the membrane to generate a
curvature. Without any pressure (p,), conductance levels of
154 pS (main conductance level) and occasional short
openings at 50 pS are observed (Figs. 2, 4a). Imposing pos-
itive pressure (+p), levels of 134 pS with short openings at
52 pS are found. Upon negative pressure (—p), the conduc-
tance levels are calculated to be 160 and 65 pS (short
events). There is evidence that the 7, of the main conduc-
tance level at —p is lower (ty=0.54 £ 0.1 s) than at stan-
dard pressure p, (1,=0.91 £0.1s). Upon +p, the mean
open time (t,=0.87 & 0.1 s) is similar to 7, at p,. In the
recording under —p, a flickering occurred. The flickering
starts from the closed or any open state and can be envis-
aged as an effort of the assembly to reopen and conduct
ions. Under standard conditions, it is anticipated that the
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Fig. 1 Representative channel recordings from an experiment with
synthetic Vprss_g; reconstituted into a lipid bilayer membrane com-
posed of DOPC and POPE (weight ratio 4:1) on the Teflon Delrin Cup
(painting method) (a). Currents are recorded in symmetric buffer con-
ditions (140 mM KCI, 5 mM Hepes, pH 7.4 at room temperature). The
solid lines labeled with ¢ indicate the current of the closed state, while
o indicates the opened state. All traces are filtered at 100 Hz with an
8-pole Bessel filter. Conductance histograms obtained from all traces
are shown (b) and the respective current-voltage dependency of the
data (¢). Data are the standard error of mean (SEM, n = 3)

membrane is slightly curved (Fig. 4b). Imposing a positive
pressure may result in a flattening of the membrane
(Fig. 4c), and under negative pressure an increase in curva-
ture is anticipated (Fig. 4d). The rare short openings under
standard conditions (p,) can just be rare flickering events
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Fig. 2 Representative channel recordings from an experiment with
synthetic Vprss_g; reconstituted into a lipid bilayer membrane com-
posed of DOPC and POPE (weight ratio 4:1) at a glass pipette (a). Cur-
rents are recorded in symmetric buffer conditions (140 mM KCl, 5 mM
Hepes, pH 7.4 at room temperature) (tip-dip method). The solid lines
labeled with ¢ indicate the current of the closed state, while o indicates
the opened state. All traces are filtered at 100 Hz with an 8-pole Bessel
filter. Conductance histograms obtained from all traces (b) and the
respective current voltage dependency of the data (c). Data are the
standard error of mean (SEM, n = 3)
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Fig. 3 Mean open time, 7, of the main conductance state of Vprss_g;
channels as a function of the externally applied potential difference.
The data are taken from the representative channels reported in Figs. 1
and 2. Data are the standard error of mean (SEM, n = 3)

due to membrane undulation, which leads to local patches
with increased curvatures. Upon increased membrane cur-
vature (—p), these events occur more often and cause the
flickering pattern.

Two explanations can be considered for the differences
observed in conductance levels and kinetics: (1) lipid
dynamics and (2) protein assembly, which may be affected
differently by the mechanical force fields acting mainly lat-
erally or perpendicularly on or in the membrane components
under the various experimental conditions in our study.

The small aperture of the glass pipette (tip-dip method)
can cause a bend in the bilayer due to electrostatic interac-
tions between the glass wall and lipids (Fig. 4b). The elec-
trostatic interaction induces a mechanical force field in the
narrow geometry of the pipette tip, inducing membrane cur-
vature (Honoré et al. 2006; Suchyna and Sachs 2007). The
mechanical force field can affect the lateral diffusivity and
dynamics of the lipids and the proteins with the conse-
quence of altered protein mechanics (gating). Also the
hydrostatic pressure induced by the difference in the height
of the buffer levels in the pipette and the bath solution
affects the membrane curvature. In the painting method set-
up, gravitational forces can lead to a thickening of the lipid
annulus towards the “bottom” of the aperture and conse-
quently to an altered lateral stress profile and lipid dynam-
ics. Inducing an increase in membrane curvature as shown
in this study indeed affects the kinetics and dynamics of the
inserted peptide.

The difference in the conductance levels is also most
likely due to the oligomerization state of the peptide. Due
to the preparation protocol, the starting conditions for the
Delrin cup are such that the peptide is dissolved in TFE and
immediately immersed in lipids dissolved in chloroform.
From previous studies in TFE-containing solvents, it can be
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Fig. 4a-d Channel activity of Vprss 43 at a holding potential of
+20 mV (140 mM KCIl, 5 mM Hepes, pH 7.4 at room temperature)
using the dip-tip method. The traces are recorded at O Torr (upper
trace), +2 Torr (middle trace), and —2 Torr (lower trace) (a). Antici-
pated membrane curvatures are shown when the applied pressure is
0 Torr (b), +2 Torr (¢), and —2 Torr (d). The anticipated membrane
curvature at 0 Torr is shown as a dashed line in ¢ and d. The shaded
area indicates the buffer within the pipette. The pipette is shown in
grey with its aperture pointing to the bottom of the figure

extrapolated that a dimeric assembly seems to occur
(Henklein et al. 2000). For the reconstitution protocol used
for the tip-dip method, the peptide was dissolved in hexane
and run down the pipette shaft. Possibly this protocol leads
to an exposure of the peptide to an aqueous environment
that enhances aggregation (Henklein et al. 2000) causing
the higher conductance levels of 60 and 130 pS. The larger
aggregates then have a lower mean open time. This value
cannot be attributed to an event of an individual (in vivo)
Vprss_gz bundle. It is instead the increase in membrane cur-
vature that affects the dynamics of the assembly, and the
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environment that affects the oligomerisation state. The lipid
environment does not dilute the larger oligomers, once they
have been formed, into smaller units.

Taking the dimer as the smallest unit of a functional Vpr,
the number of peptides involved in any kind of near barrel-
stave-like or toroidal assembly (Yang et al. 2001) should be
a multiple of two. Increased membrane curvature seems to
shorten the lifetime of the open state based on the altered
lateral pressure profile of the membrane and increases the
conductance levels. The observed flickering may be an
indication that the closed state is not necessarily kinetically
a more stable state than the open state. The results are
another indication of the sensitivity of the pore-forming
proteins to the lipid environment as mentioned in an earlier
study (Mehnert et al. 2008).

Conclusions

In conclusion, our results confirm that the short segment of
Vpr is responsible for channel activity in planar lipid bilay-
ers with a conductance state of about 8—15 pS. It may be
essential to leave Vpr in a lipidic environment during the
preparation process in order to achieve the lowest conduc-
tance levels.

The mode of action of Vpr can be affected by membrane
curvature and the exposure to different environments. Vpr
may embed in the membrane as a larger assembly and be
most effective (in an open state) in flat membrane patches
rather than in highly curved areas of the membrane.
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