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ABSTRACT: The viral protein R (Vpr) of human immunodeﬁciency virus 1 (HIV-1) is involved in
many cellular processes during the viral life cycle; however, its associated mechanisms remain unclear.
Here, we designed an Escherichia coli expression construct to achieve a milligram yield of recombinant
Vpr. In addition, we fabricated a graphene ﬁeld-eﬀect transistor (G-FET) biosensor, with the
modiﬁcation of a supported lipid bilayer (SLB), to study the interaction between Vpr and its
interaction partners. The Dirac point of the SLB/G-FET was observed to shift in response to the
binding of Vpr to the SLB. By ﬁtting the normalized shift of the Dirac point as a function of Vpr
concentration to the Langmuir adsorption isotherm equation, we could extract the dissociation
constant (Kd) to quantify the Vpr binding aﬃnity. When the 1,2-dioleoyl-sn-glycero-3-phospho-(1′rac-glycerol) (DOPG) membrane was used as the SLB, the dissociation constant was determined to
be 9.6 ± 2.1 μM. In contrast, only a slight shift of the Dirac point was observed in response to the
addition of Vpr when the 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) membrane was used as
the SLB. Taking advantage of the much weaker binding of Vpr to the DOPC membrane, we prepared
a human voltage-dependent anion channel isoform 1 (hVDAC-1)-embedded DOPC membrane as
the SLB for the G-FET and used it to determine the dissociation constant to be 5.1 ± 0.9 μM. In summary, using the clinically
relevant Vpr protein as an example, we demonstrated that an SLB/G-FET biosensor is a suitable tool for studying the interaction
between a membrane-associated protein and its interaction partners.
KEYWORDS: Vpr, G-FET, VDAC, HIV-1, membrane protein, lipid composition
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the Vpr protein.12 The high production yield of several
milligrams per liter of GB1-fused Vpr proteins could be
obtained using both Luria−Bertani (LB) broth and a deﬁned
growth medium.
Among the various interaction partners, it has been
challenging to study the interaction between Vpr and
membrane-related interaction partners, and controversial
results have been reported in the literature. For instance,
diﬀerent conclusions have been reported regarding VprhVDAC-1 interactions. While no speciﬁc interaction between
N-terminally biotinylated Vpr52-96 and the recombinant
VDAC of Neurospora crassa was reported in a study using
surface plasma resonance, it was reported that the gelsolin G5
domain can inhibit the interaction between Vpr and hVDAC1.13,14 Here, we aimed to answer if lipid composition plays a
role in Vpr-membrane interaction and determine if Vpr
interacts with hVDAC-1. Using a calcein release assay, we
showed that GB1-fused Vpr-induced membrane permeability

INTRODUCTION
The viral protein R (Vpr), expressed in the late life cycle of
HIV-1, is considered an accessory viral protein.1 Over the last
three decades, a series of studies on HIV-related proteins
revealed the importance of Vpr.2−8 Vpr has been shown to play
a crucial role in HIV-1 pathogenicity since the deletion of the
vpr gene resulted in the reduction of HIV-1 virulence.3 Vpr can
induce G2/M cell cycle arrest,4 regulate the nuclear import of
the HIV-1 pre-integration complex (PIC), and enhance
macrophage infection.5−8 Additionally, Vpr can interact with
the lipid membrane and form cation-selective channels in
planar lipid bilayers,9 while Vpr-containing vesicles can fuse
into mitochondria and interact with the mitochondrial
permeability transition pore complex and subsequently induce
apoptosis.1,2 Even though Vpr is involved in so many cellular
processes, its associated mechanisms are poorly understood
due to the challenges associated with protein production and
biophysical characterizations. In regard to protein production,
Vpr has been shown to be cytotoxic, inhibits prokaryotic cell
growth, and causes plasmid instability during expression in
Escherichia coli.10
Moreover, diﬃculties in Vpr expression were reported
previously.11 To tackle this problem, we designed an E. coli
expression construct, in which the His-tagged GB1 domain of
streptococcal protein G (GB1) was fused to the N-terminal of
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was lipid composition-dependent. The calcein release rate was
observed to increase as the content of DOPG was increased.
Advancements in nanotechnology in recent years led to the
emergence of novel, sensitive nanoscale sensors. The high
surface-to-volume ratio and the unique quantum conﬁnements
of nanomaterials make them ideal for the fabrication of
biological sensors,15 such as a graphene-based ﬁeld-eﬀect
transistor (G-FET),16−19 to probe a trace amount of target
molecules in real time with label-free, sensitive, and selective
detections. The binding of biomolecules on a G-FET leads to a
signiﬁcant potential change on the G-FET surface, resulting in
the variation of conductance inside the G-FET due to an
electrical gating eﬀect. By modifying a suitable receptor on the
G-FET surface, this G-FET platform can be an excellent
biosensor for detecting speciﬁc target biomolecules. Moreover,
because of the planar graphene surface, a G-FET is suitable for
membrane-related experiments.
In this study, we designed a G-FET biosensor to quantify the
interaction between Vpr and lipid membranes as illustrated in
Figure 1. The binding of Vpr on the supported lipid bilayer

interaction between a membrane-associated protein and its
interaction partners and will be an important tool available to
biologists.

■
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MATERIALS AND METHODS

Preparation of Vpr and hVDAC-1. A detailed description of the
expression construct of HIV-1 Vpr, protein production, puriﬁcation,
and characterization is provided in the Supporting Information.
Brieﬂy, we designed an E. coli expression construct, containing a 6x
histidine tag followed by a GB1 tag and a cleavage site of the tobacco
etch virus (TEV) protease, at the N-terminal. The ﬁnal expression
vector carried 6xHis-GB1-TEV-Vpr, hereinafter referred to as GB1fused Vpr, as illustrated in Figure 2A. GB1, the B1 domain of

Figure 1. Schematic illustration representing the application of a GFET for measuring lipid-membrane interactions. The SLB is paved on
top of the graphene channel to form an SLB/G-FET biosensor. While
Vpr interacts with the SLB, the surface potential of the SLB/G-FET
changes and subsequently modulates the channel current of the GFET, the signal of which is collected by a lock-in ampliﬁer. While the
source-drain voltage (Vsd) is applied from the lock-in ampliﬁer, a Ag/
AgCl electrode is used as a solution gate with the voltage (Vg)
supplied by a source meter.

Figure 2. Expression and characterization of the Vpr protein. (A)
Schematic drawing of the design of the Vpr expression plasmid. (B)
SDS-PAGE analysis of GB1-fused Vpr with (+) and without (−)
treatment with the TEV protease (*fused protein; ‡Vpr protein). (C)
SEC elution proﬁle and (D) experimental (open circles) and ﬁtted
(dashed line) circular dichroism (CD) spectra of Vpr solubilized in
DPC micelles. The secondary structure content was analyzed by
DichroWeb using the CDSSTR program and SP175 as a reference set,
which was optimized for 190−240 nm.

membrane (SLB) on a G-FET would result in a shift of the
transfer curve of the biosensor. Using a G-FET biosensor, we
measured the interaction between Vpr and lipid membranes
consisting of 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG) and 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) in a 1:1 ratio, and the dissociation constant was
determined to be 9.6 ± 2.1 μM. In contrast, the interaction
between Vpr and the DOPC only membrane was much
weaker. We further prepared hVDAC-1 embedded in the
DOPC membrane as an SLB to study the interaction between
Vpr and hVDAC-1. The Dirac point shift due to the addition
of Vpr was attributed to the interaction between Vpr and
hVDAC-1 since only an insigniﬁcant shift in the Dirac point
was observed when the DOPC only membrane was used as an
SLB. The dissociation constant of Vpr interacting with
hVDAC-1 was quantiﬁed by G-FET biosensors to be 5.1 ±
0.9 μM. In summary, Vpr-hVDAC-1 interaction and the lipid
composition-dependent Vpr-membrane interaction were quantiﬁed by the G-FET biosensor designed in this work. We
believe that the G-FET biosensor is ideal for studying the

streptococcal protein G (GB1), is generally used as a solubility
enhancement partner. Protein expression under low temperature (18
°C) conditions achieved milligram yields of Vpr in LB broth and in a
deﬁned growth medium (Table S1). The E. coli-expressed GB1-fused
Vpr could be puriﬁed using standard aﬃnity chromatography and
size-exclusion chromatography. For the production, puriﬁcation, and
preparation of human voltage-dependent anion channel isoform 1
(hVDAC-1) refolded in N,N-dimethyldodecylamine-N-oxide
(LDAO) detergent micelles, we followed well-established protocols
in the literature.20,21
Preparation of Liposomes. Four kinds of calcein-encapsulated
liposomes were prepared for the calcein release assay, including
liposomes made of DOPC, DOPC/DOPG (95:5, weight ratio),
DOPC/DOPG (50:50, weight ratio), and DOPG. The weight ratios
were used for the mixed lipids. Lipids were ﬁrst dissolved in an
ethanol/chloroform mixture (1:1) and then dried on the glass wall by
nitrogen gas followed with a vacuum treatment for 1 h to remove the
residual organic solvent. The dried lipid ﬁlm was resuspended in a
buﬀer containing 25 mM Tris at pH 7.5, 50 mM calcein, 25 mM
NaCl, 0.5 mM EDTA, and 1 mM tris(2-carboxyethyl)phosphine
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hydrochloride (TCEP) and homogenized by water bath sonication for
1 h followed with ﬁve freeze−thaw cycles using liquid nitrogen at 70
°C. The calcein-encapsulated liposomes were formed and homogenized using an extruder with a polycarbonate membrane with a deﬁned
pore size of 0.1 μm in diameter. The non-encapsulated calcein was
removed from the liposome suspension by standard gel ﬁltration. The
calcein-containing liposomes were examined by dynamic light
scattering for quality control prior to ﬂuorescence measurement
(DelsaNano C particle size and zeta potential analyzer, Beckman
Coulter).
To prepare the supported lipid bilayers for G-FET sensors, four
diﬀerent kinds of liposomes were produced by removing the detergent
molecules from the lipid-detergent or proteolipid-detergent micelle
solutions. For DOPC-detergent micelle solution and DOPGdetergent micelle solution, individual lipids, either DOPC or
DOPG, were ﬁrst dissolved in a 50 mM solution of detergent
micelles containing 25 mM Tris at pH 7.5, 200 mM Triton X-100,
100 mM NaCl, 0.5 mM EDTA, and 1 mM TCEP, respectively. Then,
the lipid-detergent micelle solution was diluted to a ﬁnal lipid
concentration of 1 mg/mL using a Tris buﬀer (containing 25 mM
Tris at pH 7.5, 100 mM NaCl, 0.5 mM EDTA, and 1 mM TCEP).
For the DOPC/DOPG (1:1, molar ratio) lipid-detergent micelle
solution, the abovementioned DOPG and DOPC lipid-detergent
micelle solutions were mixed at a 1:1 ratio and diluted to 1 mg/mL of
the total lipid concentration using the Tris buﬀer mentioned above.
For hVDAC-1 proteolipid-detergent micelles, a 50 mM DOPC lipid
was ﬁrst dissolved in a sodium phosphate buﬀer (containing 25 mM
sodium phosphate at pH 6.5, 200 mM sodium cholate, 100 mM
NaCl, 0.5 mM EDTA, 5 mM TCEP, and 0.1% LDAO). Subsequently,
the DOPC lipid was diluted to 1 mg/mL in the LDAO-solubilized
hVDAC-1 solution (25 mM sodium phosphate at pH 6.5, 0.3 mg/mL
hVDAC-1, 100 mM NaCl, 0.5 mM EDTA, 5 mM TCEP, 1×
cOmplete protease inhibitor cocktail, and 0.1% LDAO). The molar
ratio of hVDAC-1 to DOPC was 1:136. To initiate the formation of
liposomes or proteoliposomes, Bio-Beads SM-2 (BioRad, Hercules,
CA) were added to each lipid-detergent at a density of 90 mg per 1
mL or proteolipid-detergent micelle solution, at a density of 80 mg
per 100 μL, and gently shaken at 4 °C for 12 h. This was followed by
ﬁltering centrifugation to remove biobeads, and the liposomes and
proteoliposomes were homogenized using an extruder with a
polycarbonate membrane with a deﬁned pore size of 0.05 μm in
diameter.
Calcein Release Assay. The permeabilization of liposomes by
GB1-fused Vpr can be studied by monitoring the release of the
encapsulated calcein. Calcein is a membrane-impermeable ﬂuorescent
probe. When encapsulated, calcein undergoes self-quenching at high
concentration. The ﬂuorescence signal was expected to increase as the
calcein molecules were released from the liposome due to Vpr
binding, which destabilized the membrane bilayer. A luminescence
spectrometer (PerkinElmer LS55) was used to record the
ﬂuorescence emission spectra, ranging from 505 to 535 nm, with
the excitation wavelength at 495 nm. We recorded the ﬂuorescence
spectra immediately after the addition of GB1-fused Vpr for 25 min
with 30 s intervals. The peak intensity of the calcein ﬂuorescence
spectrum was observed to be at 517 nm. The negative control
experiments were performed by mixing the liposome with a buﬀer
containing 25 mM Tris at pH 7.5, 25 mM NaCl, 0.5 mM EDTA, and
1 mM TCEP, while the positive control experiments were performed
with a buﬀer containing 25 mM Tris at pH 7.5, 0.3% Triton X-100, 25
mM NaCl, 0.5 mM EDTA, and 1 mM TCEP. For each experimental
condition, three replicates of experiments were performed. The time
course of the calcein release was quantiﬁed according to the equation
calcein release(t) = (IVpr(t) − Ibuffer(t))/(ITX − 100 − Ibuffer(t)), where
IVpr(t) is the intensity of the ﬂuorescence signal at 517 nm for the
samples with the addition of the GB1-fused Vpr protein, and ITX − 100
and Ibuffer(t) are the intensities for the positive and the negative
controls, respectively.
Device Fabrication of G-FETs. A set of 4 in. Si wafers (thermal
oxide, 3000 Å; thickness, 525 ± 25 μm; p-boron) was purchased from
Summit-Tech and diced into pieces of 16 × 16 mm2 in size. The diced

Si wafers were rinsed sequentially with acetone, isopropanol, and
deionized water for 10 min followed by a N2 blow and an O2 plasma
treatment (100 W; O2, 50 sccm) for 3.3 min.
A monolayer CVD-grown graphene ﬁlm (2.5 × 2.5 cm2) on a
polymer substrate was purchased from ACS Material. A proper size
(∼2 × 2 mm2) of the graphene ﬁlm was cut and transferred onto a Si
wafer (16 × 16 mm2) with the assistance of poly(methylmethacrylate)
(PMMA). In the transfer process, a suspended PMMA/graphene ﬁlm
was rinsed in deionized water, transferred onto the Si wafer, and dried
in ambient air for 30 min followed by baking at 100 °C for 20 min.
PMMA was dissolved in acetone at 50 °C for 30 min (Figure S1a).
The graphene ﬁlm, used as a conducting channel (with a length of 2
μm and a width of 1 μm) of a FET device, was patterned by
photolithography and casted by O2 plasma (18 W; O2, 50 sccm) for
2.5 min (Figure S1b). A pair of source and drain electrodes (Cr/Au =
5/50 nm in thickness) was patterned by photolithography and
subsequently deposited on both ends of the graphene channel with a
thermal evaporation method, where the deposition rates of Cr and Au
were 0.5 and 1.0 Å/s, respectively. The Cr/Au electrodes were then
coated with Al2O3/TiO2 (60/5 nm in thickness) insulating layers
sequentially by atomic-layer deposition to avoid electrical leakage in
the following biosensing measurements. The liftoﬀ of photoresistors
on the as-fabricated devices was facilitated with a sonicator (Figure
S1c).
Preparation of SLB/G-FETs. In preparing an SLB/G-FET
biosensor, a polydimethylsiloxane (PDMS) reservoir was built on
the Si wafer containing the as-fabricated G-FET device to
accommodate sample solutions. PDMS, a blend of Sylgard 184A/
184B = 10:1 solution, was evacuated to remove bubbles and cured by
baking at 80 °C for 15 min. To pave the SLB on a G-FET, 100 μL of a
liposome suspension was dropped into the PDMS reservoir and kept
at ambient conditions for 1 h. The lipid bilayers were assembled onto
graphene via vesicle fusion (Figure S1d).22 Subsequently, the
unbounded liposomes were removed, and the reservoir was washed
extensively with a Tris buﬀer solution containing 25 mM Tris at pH
6.0, 25 mM NaCl, and 0.5 mM EDTA.
Electrical Measurements. The transfer curves (i.e., the sourcedrain current (Isd) vs. solution-gate (Vg) plots) of SLB/G-FETs were
measured with a lock-in ampliﬁer (Stanford Research System, SR830)
conducted at a bias voltage (Vsd) of 8 mV, a modulation frequency of
113 Hz, and a time constant of 100 ms. The electrical measurements
using an SLB/G-FET biosensor can also be found in our previous
publication.19 For the detection of Vpr by an SLB/G-FET, diﬀerent
concentrations of GB1-fused Vpr and the TEV protease were diluted
separately into a Tris buﬀer solution (containing 25 mM Tris at pH
7.5, 25 mM NaCl, 0.5 mM EDTA, and 1 mM TCEP). To prepare for
the electrical measurement, GB1-fused Vpr was added directly onto
the SLB/G-FET device (Figure S1e) and incubated at 25 °C for 30
min with gentle shaking. The GB1 was then removed by the
treatment of the TEV protease (Figure S1f,g) for 30 min. The SLB/
G-FET device was then washed extensively using a Tris buﬀer
solution containing 25 mM Tris at pH 6.0, 25 mM NaCl, and 0.5 mM
EDTA to remove GB1. For the electrical measurements, to obtain the
transfer curves of an SLB/G-FET device, a Ag/AgCl electrode was
used as a solution gate with the voltage supplied by a source meter
(Keithley 2400). During the biosensing measurements to detect the
lipid-protein interactions, the whole SLB/G-FET system was
grounded to minimize electrical noises from the environment.

Article
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RESULTS AND DISCUSSIONS
Recombinant Vpr Expression and Characterizations.
The involvement of Vpr in HIV-1 pathogenesis makes Vpr an
important viral accessory protein. However, research to unveil
how Vpr is involved in the various cellular processes has been
impeded by the diﬃculty in expressing the recombinant
protein for further characterization. E. coli expression of
recombinant Vpr has been challenging due to the cytotoxicity
of Vpr that inhibits bacterial cell growth and destabilizes the
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plasmid. To alleviate the problem, we adopted a strategy of
expressing the desired protein with a fusion partner, as shown
in Figure 2A. The chosen fusion partner, GB1, was shown to
greatly enhance the production yield of Vpr when the E. coli
expression was performed at 18 °C. Also, the highly soluble
nature of GB1 made GB1-fused Vpr soluble, which greatly
eases the subsequent protein puriﬁcation. To make sure that
the fused construct could be used to express eﬃcient and costeﬀective isotope-labeled Vpr, we further tested the expression
of Vpr using the deﬁned growth medium described in Table
S1. The yields of both soluble and insoluble GB1-fused Vpr
protein were quantiﬁed by 280 nm absorption using a
NanoDrop 2000c spectrophotometer (Thermo Fisher Scientiﬁc, Waltham, MA, USA) and are listed in Table S2. The
extinction coeﬃcient was 32,430 M−1 cm−1 for GB1-fused Vpr,
calculated using ProtParam available through the ExPasy
server.23 Surprisingly, the production yield of the protein was
found to be higher using the deﬁned growth medium when
compared to LB broth. It is outside the scope of this work to
discuss why Vpr protein production favors low-temperature E.
coli expression in the deﬁned growth medium. However, it is
important to mention that using low-temperature expression
with the deﬁned growth medium is crucial for achieving the
high expression yield. As indicated in Figure 2B, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) analysis showed that the GB1 domain of the fused
protein could be removed by overnight treatment with the
TEV protease at 30 °C at a molar ratio of GB1-fused Vpr
protein to TEV of 20:1. The Vpr protein was precipitated after
the treatment with the TEV protease.
To further obtain pure Vpr proteins, the protein precipitates
were dissolved in 70% acetonitrile containing 0.1% TFA and
applied to HPLC using the C18 column with an acetonitrile
gradient from 40 to 80% to remove the residual TEV and GB1.
The HPLC-puriﬁed Vpr proteins were characterized using a
liquid chromatography-electrospray ionization-mass spectrometry (LC/ESI-MS) method using an LTQ FT Ultra (Thermo
Scientiﬁc) to conﬁrm that the correct proteins were obtained
(Table S3). The observed masses were consistent with the
calculated monoisotopic masses, showing that the proteins
were correct. The structure of the full-length Vpr protein, as
well as 1-51 Vpr and 52-96 Vpr, have been previously
determined in the presence of 30% 2,2,2-triﬂuoroethanol
(TFE), mainly due to the poor solubility of the Vpr protein.24
Also, the structure information of the full-length Vpr was
obtained in water at acidic pH in the presence of acetonitrile.
These studies contributed to our current understanding of the
structure of Vpr, which exhibits three α-helix segments. Instead
of preparing Vpr in extreme conditions, we examined whether
full-length Vpr could be solubilized in DPC detergent micelles.
Early cellular-based studies showed evidence of Vpr-induced
cell membrane permeabilization and death. In addition, the
involvement of Vpr in apoptosis was shown to be via
interacting with the mitochondrial permeability transition
pore complex. Thus, the study of Vpr in the membranemimicking environment may provide insights into its
interaction with the membrane. Previously, the structure of
Vpr peptide 34-51 solubilized in DPC detergent micelles was
studied with NMR spectroscopy.24,25 It was found to contain
an amphipathic, leucine zipper-like α-helix.
Here, we successfully solubilized Vpr in DPC detergent
micelles. The DPC-solubilized Vpr was around 40 kDa,
estimated using the elution proﬁle of size-exclusion chroma-

tography shown in Figure 2C. The secondary structure analysis
of CD spectra suggested that Vpr in DPC detergent micelles
exhibits a signiﬁcant fraction of α-helix features as shown in
Figure 2D. The content of the α-helix did not change
signiﬁcantly when Vpr was transferred to bicelles from DPC
micelles (Figure S2 and Table S4).
Calcein Release Assay. To further study the interaction
between Vpr and membranes, we applied a calcein release
assay to examine Vpr-induced release of the encapsulated
calcein from liposomes. As shown in Figure 3, we observed
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Figure 3. Lipid composition-dependent permeabilization of liposomes by GB1-fused Vpr at a concentration of 0.5 μM. Kinetics of
calcein leakage of liposomes of various lipid compositions (DOPC/
DOPG). The extent of calcein release was quantiﬁed relative to a
positive control (100%) sample that was solubilized with Triton X100 detergent micelles and a negative control (0%) sample with only
buﬀer. The values are averages of triplicate assays in three
experiments, with error bars representing standard deviation.

lipid composition-dependent permeabilization of liposomes by
GB1-fused Vpr. As the content of DOPG increased, we
observed faster release of calcein from liposomes, suggesting
that the interaction between GB1-fused Vpr and membranes is
lipid composition-dependent. This lipid composition-dependent Vpr-membrane interaction was also observed using lipid
nanodisc coassembly assays. We assembled lipid nanodiscs in
the presence of GB1-fused Vpr and then applied the TEV
protease to remove GB1.
Finally, size-exclusion chromatography (SEC) was used to
obtain nanodisc fractions. As shown in the SDS-PAGE
analysis, Figure S3, Vpr was found to be incorporated into
lipid nanodiscs assembled in the presence of DOPG, while no
detectable amount of Vpr was found to be embedded in
nanodiscs assembled with DOPC only. Apart from the lipid
composition-dependent Vpr-membrane interaction, we also
observed that GB1-fused Vpr promoted a concentrationdependent leakage of liposomes, as indicated in Figure S4. This
result is consistent with the previous ﬁnding of the membrane
interaction with the C-terminal peptide of Vpr.26
Quantiﬁcation of Vpr-Membrane Interaction Using
an SLB/G-FET Biosensor. An SLB/G-FET biosensor was
used to evaluate the Vpr-membrane interactions. In the
electrical measurements with SLB/G-FETs, the leakage current
(measured from the solution gate to the drain electrode as
illustrated in Figure 1) was typically less than ∼5% of the
channel current (i.e., the source-drain current through the
graphene channel in Figure 1), indicating good device quality.
In addition, essential quality checks were performed to show
that neither bare graphene, nor the lipid membrane, interacted
with the TEV protease, which was used to remove the GB1 tag
6354
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Figure 4. Transfer curves of an SLB/G-FET biosensor as a function of CVpr. (A) Transfer curves of an SLB/G-FET biosensor, where the SLB
vs. CVpr plot summarized
contained a mixture of DOPC/DOPG at a 1:1 ratio, recorded as a function of CVpr from 0 to 35 μM. (B) ΔVg/ΔVmax
g
from the data points measured in A, where ΔVg is the shift of the Dirac point relative to the buﬀer solution (without Vpr), and ΔVmax
g represents the
saturated ΔVg at high CVpr. The inset shows a least-squares ﬁt of the measured data points to the Langmuir adsorption isotherm model, from which
the dissociation constant of Kd = 9.6 ± 2.1 μM for the Vpr-DOPC/DOPG complex was determined. (C) Transfer curves of an SLB/G-FET
biosensor recorded as a function of CVpr from 0 to 35 μM, where the SLB was prepared with a mixture of DOPC/hVDAC-1 = 136:1. (D)
Normalized ΔVg plotted as a function of CVpr with the data points taken from C. In the inset, a least-squares ﬁt of the measured data points to the
Langmuir adsorption isotherm model gives Kd = 5.1 ± 0.9 μM for the Vpr-hVDAC-1/DOPC complex. The standard deviation was calculated from
three individual measurements.

which a dissociation constant of Kd = 9.6 ± 2.1 μM for the
Vpr-DOPC/DOPG complex was determined. As indicated in
Figure S6, the membrane binding aﬃnity of Vpr did not
change signiﬁcantly when the DOPG content was increased
from 50 to 100%. In contrast, only a slight shift of the transfer
curve of the SLB/G-FET was observed in response to various
CVpr at 0−35 μM (as plotted in Figure S7) when the SLB was
prepared with 100% DOPC lipids. This result suggests that the
interaction between Vpr and the DOPC membrane is much
weaker compared to the interaction between Vpr and the
DOPG-containing membrane. This result is consistent with
the observation from the calcein release assay, which showed
that the rate of Vpr-induced permeabilization was increased as
the DOPG content increased.
Together with results obtained from the calcein release
assay, Vpr, resembling some cationic antimicrobial peptides,
was shown to have strong interactions with anionic lipid
DOPG, while it weakly interacted with the zwitterionic lipid
DOPC.28−32 Even though surface plasmon resonance technol-

from the GB1-fused Vpr (Figure S5). The transfer curves of an
SLB/G-FET biosensor in response to various concentrations
of Vpr (CVpr) were recorded to analyze the binding of Vpr to
the SLB, where diverse SLBs prepared with diﬀerent lipid
compositions were also tested. As shown in Figure 4A, we
clearly observed the shift of the transfer curve of the SLB/GFET in response to an increasing CVpr when 50% DOPG was
incorporated in the preparation of the SLB. The left shifts of
the Dirac point of the G-FET due to the additions of Vpr
indicated the interaction of positively charged Vpr with the
DOPC/DOPG membrane to induce n-doping in the G-FET.
Measuring the shift of the Dirac point in the transfer curve
as a
(Figure 4A), we plotted the normalized ΔVg/ΔVmax
g
function of CVpr, where ΔVg is the shift of the Dirac point
relative to the reference point at CVpr = 0 M (before adding
Vpr), and ΔVmax
represents the saturated ΔVg at high CVpr. To
g
quantify the binding of Vpr to the SLB of DOPC/DOPG
(1:1), we performed a least-squares ﬁt of the measured data
points to the Langmuir adsorption isotherm model,19,27 from
6355
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ogy is used intensively to study the protein-membrane
interactions,33 it is worth mentioning that the popular L1
chip34 cannot be applied to the current study due to the
existence of a non-speciﬁc interaction between Vpr and the
chip.
Quantiﬁcation of Vpr-hVDAC-1 Interaction. It has been
shown via cellular-based assays and pull-down assays that Vpr
can interact with hVDAC-1, an important part of the
mitochondrial permeability transition pore complex.13,14
When studying the interaction between Vpr and hVDAC-1
embedded in the membrane, it is diﬃcult to decouple Vprmembrane interaction from Vpr-membrane protein interaction. To tackle this problem, we chose to use hVDAC-1
embedded in the DOPC membrane as the SLB for an SLB/GFET biosensor since the interaction between Vpr and the
DOPC membrane is not signiﬁcant as described in the
previous section. We further conﬁrmed that there is no
interaction between Vpr and bare graphene, as shown in Figure
S7. The detected shifts of the transfer curves of an SLB/G-FET
biosensor in response to the titration of Vpr, as shown in
Figure 4C, were resulted from Vpr binding to hVDAC-1 since
Vpr does not interact with the DOPC membrane nor
graphene. It is clearly observed from Figure 4C that the shift
of the transfer curve of the SLB/G-FET, induced by the
binding of Vpr, reached a plateau value as the concentration of
Vpr was increased to 35 μM (Figure 4D). To calculate the
binding aﬃnity of Vpr against hVDAC-1, we plotted the ΔVg/
ΔVmax
g vs. CVpr curve (Figure 4D), where Kd = 5.1 ± 0.9 μM for
the Vpr-hVDAC-1 complex was determined by a least-squares
ﬁt to the Langmuir adsorption isotherm model. In physiological conditions, hVDAC-1 is embedded in the outer
membrane of mitochondria, which is composed of both
negatively charged lipids and neutral lipids. Based on our
results, Vpr can interact with the outer membrane of
mitochondria via both negative lipids and hVDAC-1.

Expression, puriﬁcation, and characterization of viral
protein R; solubilization of Vpr in DPC detergent
micelles; preparation of Vpr in bicelles; (Figure S1)
schematic illustration of the fabrication of an SLB/GFET device and the use of this SLB/G-FET biosensor
for detecting Vpr-membrane interactions; (Figure S2)
CD spectra of Vpr solubilized in diﬀerent membranemimicking systems; (Figure S3) lipid nanodisc coassembly assay; (Figure S4) protein concentrationdependent permeabilization of liposomes by GB1-fused
Vpr; (Figure S5) validation experiments for examining
the potential interaction between TEV and the
biosensors; (Figure S6) response of the transfer curve
of an SLB/G-FET device to the addition of Vpr, where
the SLB was composed of DOPG; (Figure S7) control
experiments for measuring the interaction of Vpr and
hVDAC-1 embedded in the DOPC membrane; (Table
S1) recipe for 1 L of the growth medium; (Table S2)
yields of GB1-fused Vpr proteins; (Table S3) monoisotopic mass (kDa) of the proteins; (Table S4)
calculated secondary structure fractions based on CD
spectra (PDF)
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CONCLUSIONS
Limited tools are available for characterizing the interaction
between membrane-associated proteins and their interaction
partners. In this work, we designed and fabricated G-FETs
modiﬁed with various SLBs to answer if the clinically relevant
protein, HIV-1 Vpr, interacts with membranes selectively and
with hVDAC-1 speciﬁcally. The quantitative measurement
results using SLB/G-FETs were consistent with the qualitative
result obtained from the calcein release assay. We showed that
Vpr can bind strongly to DOPG-containing membranes with
an aﬃnity in the micromolar range and can induce membrane
permeability rapidly. In contrast, the aﬃnity of Vpr and
membranes consisting of DOPC only is much weaker. Given
the advantage of the weak interaction between Vpr and DOPC
membranes, we prepared hVDAC-1-embedded DOPC membranes as an SLB for a G-FET and used this to quantify the
interaction between Vpr and hVDAC-1, which also had an
aﬃnity in the micromolar range. By demonstrating the
application of SLB/G-FETs to study this clinically relevant
Vpr, we believe that SLB/G-FETs provide an alternative
choice for biologists to study membrane-associated proteins.
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1. Expression, purification, and characterization of viral protein R
The original vpr gene sequence of human immunodeficiency virus type 1 (HIV-1)
group M subtype B was obtained from the National Center for Biotechnology
Information (NCBI) search database, with the NCBI reference protein sequence
NP_057852.2 and UniProtKB/Swiss-Prot P69726. The vpr gene sequence was codonoptimized for E. coli expression and synthesized by Genomics BioSci & Tech (New
Taipei City). The DNA sequence of the synthetic vpr gene is listed below.
ATGGAACAGGCACCGGAAGATCAGGGTCCGCAGCGTGAACCGCATA
ATGAATGGACCCTGGAACTGCTGGAAGAACTGAAAAATGAAGCAGTTCGT
CATTTTCCGCGTATTTGGCTGCATGGTCTGGGTCAGCATATTTATGAAACC
TATGGTGATACCTGGGCAGGCGTTGAAGCAATTATTCGTATTCTGCAGCA
ACTGCTGTTTATCCATTTTCGTATTGGTTGTCGTCATAGCCGTATTGGTGTT
ACCCGTCAGCGTCGTGCACGTAATGGTGCAAGCCGTAGCTGA
The synthetic vpr gene was cloned by the restriction-free cloning method into the
pET-15b expression vector, containing a 6x Histidine tag, followed by a GB1 tag, and
the cleavage site of tobacco etch virus (TEV) protease, at the N-terminal. The final
expression vector carried 6xHis-GB1-TEV-Vpr, hereinafter referred to as GB1-fused
Vpr as illustrated in Fig. 1(A). The Vpr proteins were expressed in the E. Coli BL21
(DE3) strain. An overnight culture in LB broth, supplemented with carbenicillin at the
concentration of 100 µg/mL, was prepared at 37°C. Cells were then sub-cultured in LB
broth or a defined growth mediumS1 at 20°C (Table S1), and the overexpression of
GB1-fused Vpr protein was induced by the addition of 0.1 mM IPTG when the cell
density reached OD600 nm = 0.7-0.9. An extra amino-acid mixture, including 50 mg of
each of the 20 amino acids, was added after induction, and the culture was grown at
18°C for 24 hr for protein expression. The bacterial cells were harvested by
centrifugation for 15 min at 6,000 rpm, using an Avanti J-26S XP centrifuge operated
with a JLA 8.1000 rotor at 4°C. For GB1-fused Vpr purification, the cell pellet was resuspended in lysis buffer (50 mM Tris at pH 8.0, 250 mM NaCl, 5 mM βmercaptoethanol, 1 tablet Roche cOmpleteTM Mini EDTA-free tablet, 5 mM MgCl2, 2
mg DNase Ⅰ and 2 mg lysozyme) and disrupted using a sonicator (Q700, Qsonica,
Newtown, CT). A sucrose cushion centrifugation (50 mM Tris at pH 8.0, 500 mM NaCl,
50% w/w sucrose), performed for 45 min at 15,000 rpm (JA 25.50 rotor, Beckman
S-2

Coulter, Irving, TX), was used to collect the insoluble components containing GB1fused Vpr protein. The supernatant was further centrifuged for 45 min at 15,000 rpm in
lysis buffer to collect the insoluble part completely. Ni-NTA affinity chromatography
was further used to purify the protein from the pellets in denaturing conditions at 4°C.
The equilibration and binding buffer used for Ni-NTA affinity purification contained
50 mM Tris at pH 8.0, 100 mM NaCl, 5 mM imidazole, and 6 M guanidine
hydrochloride (GdnHCl). After binding, the resin was sequentially washed with the
binding buffer, wash buffer 1 (50 mM Tris at pH 8.0, 100 mM NaCl, 10 mM imidazole,
and 6 M GdnHCl) and wash buffer 2 (50 mM Tris at pH 8.0, 100 mM NaCl, 20 mM
imidazole, and 6 M GdnHCl) to remove impurities. The protein was eluted with the
elution buffer (50 mM Tris at pH 8.0, 100 mM NaCl, 500 mM imidazole, and 6 M
GdnHCl). Further dialysis against a buffer (25 mM Tris at pH 9.0, 100 mM NaCl, 1
mM EDTA, and 2 mM DTT) was performed twice to obtain GB1-fused Vpr proteins
in both the soluble and insoluble forms. Further purification of the soluble GB1-fused
Vpr proteins was performed by size-exclusion chromatography (SEC) using Superdex
200 Increase 10/300 (GE Healthcare, Chicago, IL) in a buffer containing 50 mM Tris
at pH 9.0, 50 mM NaCl, 1 mM EDTA, and 0.5 mM Tris(2-carboxyehtyl)phosphine
hydrochloride (TCEP). The analysis of high-resolution nanospray ESI mass
spectrometry (LTQ FT Ultra, Thermo Scientific), documented in Table S3, revealed
that the first methionine residues of the GB1-fused Vpr protein were absent.
2. Solubilization of Vpr in DPC detergent micelles and secondary structure
characterization by circular dichroism spectroscopy
The Vpr protein precipitate was first dissolved in a denaturing buffer consisting
of 50 mM sodium phosphate at pH 6.5, 50 mM NaCl, 0.5 mM TCEP, 1 mM EDTA,
and 6 M GdnHCl, and then added in a dropwise manner to the refolding buffer,
consisting of 50 mM sodium phosphate at pH 6.5, 50 mM NaCl, 0.5 mM TCEP, 1 mM
EDTA, and 9 mM DPC. The process was carried out with a peristaltic pump
(Masterflex® L/S®, IL) operating at a flow rate of 50 µl/min. The protein solution was
further stirred overnight at 4°C and then dialyzed using a 6-8 kDa molecular weight
cut-off (MWCO) dialysis membrane (Orange Scientific, Belgium) against a buffer
containing 25 mM sodium phosphate at pH 7.5, 25 mM NaCl, 0.5 mM DTT, and 1 mM
EDTA. The protein solution was concentrated using a 5 kDa MWCO Centricon
S-3

(Vivaspin Turbo 15, Sart, Goettingen, Germany) and purified by SEC using a Superdex
200 Increase 10/300 column in a buffer containing 25 mM sodium phosphate at pH 7.5,
25 mM NaCl, 1 mM EDTA, 0.5 mM TCEP, and 1.8 mM DPC. To study the secondary
structure of Vpr in DPC detergent micelles, 5 µM Vpr solubilized with DPC buffer
containing 25 mM sodium phosphate at pH 7.5, 25 mM NaCl, 1 mM EDTA, 1mM
TCEP, and 4.6 mM DPC was prepared. The circular dichroism spectrum, with a
bandwidth of 2 nm, at the scanning speed of 50 nm/min, step resolution of 0.2 nm and
the data accumulations of 8 times across the spectral range of 180–300 nm, was
recorded using Jasco CD spectrometer (J-815, Tokyo, Japan) with a 1-mm path length
cell. The secondary structure content was analyzed by DichroWeb using CDSSTR
programS2 and SP175 as reference set which was optimized for 190-240 nm. The lowest
data point used in the analysis was set to 190 nm, and the scaling factor was 0.95.
3. Preparation of Vpr in Bicelles
Vpr, solubilized in two kinds of q-0.1 bicelles, was prepared for the CD
spectroscopic characterization, including bicelles made of DMPC/DPC mixture and
DMPC:DMPG (50:50 w/w)/DPC mixture. The lipids were first dissolved in chloroform
and then dried on the glass wall by nitrogen gas, followed with vacuum treatment for 1
hr to remove the residual organic solvent. The dried lipid film was resuspended in Vpr
protein solution containing 25 mM sodium phosphate at pH 7.5, 25 mM NaCl, 6.4 mM
DPC, 1 mM EDTA, and 1mM TCEP. After 10 x freeze-thaw cycles at 37°C and using
liquid nitrogen, the bicelle was formed. The exact q value of the bicelles was further
measured by 1D 1H NMR spectroscopy.
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Figure S1. A schematic illustration of the fabrication of a SLB/G-FET device and the
usage of this SLB/G-FET biosensor for detecting Vpr-membrane interactions. (a-b) A
graphene film, transferred onto a Si wafer, was patterned by photolithography and
casted by O2 plasma to serve as the conducting channel (length:width = 2:1 m) of a
G-FET device. (c) A pair of source and drain electrodes (Cr/Au = 5/50 nm in thickness)
was deposited with a thermal evaporation method. The Cr/Au electrodes were then
coated with Al2O3/TiO2 (60/5 nm in thickness) insulating layers by atomic-layerdeposition (ALD) to avoid electrical leakage in the following biosensing measurements.
(d) After the fabrication of a G-FET device, a SLB was paved on top of the graphene
channel (referred to as a SLB/G-FET), followed by embedding proteins into the SLB.
(e) In the surface modification of SLB/G-FET, GB1-fused Vpr was first added on and
inserted into a SLB/G-FET. (f) After 30 min of adding GB1-fused Vpr, TEV protease
was injected to cut the GB1 off; (g) meanwhile, Vpr remained on the SLB.
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Figure S2. The CD spectra of Vpr solubilized in different membrane mimicking
systems. The experimental (open circles) and fitted (dashed line) circular dichroism
(CD) spectra of Vpr solubilized in (a) q=0.1 DPC/DMPC bicelles, (b) q=0.1
DPC/DMPC:DMPG (1:1) bicelles. The secondary structure content was analyzed by
DichroWeb using a CDSSTR program and SP175 as a reference set which was
optimized for 190-240 nm.
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Figure S3. Lipid nanodisc co-assembly assay. The SEC profile of nanodiscs assembled
with GB1-fused Vpr and DOPC lipids (a), and with GB1-fused Vpr and mixed
DOPC/DOPG lipids in a 1:1 ratio (b). Each co-assembled nanodisc sample was treated
with TEV protease prior to SEC analysis. The associated SEC fractions were analyzed
by SDS-PAGE (c) and (d).
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Figure S4. Protein concentration dependent permeabilization of liposomes by GB1fused Vpr. Kinetics of calcein leakage of liposomes induced by GB1-fused Vpr at the
concentrations of 0.5 and 5 µM, respectively. The extent of calcein release was
quantified relative to a positive control (100%) sample that was solubilized with Triton
X-100 detergent micelles, and a negative control (0%) sample with buffer only. The
values are averages of triplicate assays in three experiments, with error bars
representing standard deviation.
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Figure S5. Validation experiments for examining the potential interaction between TEV
and the biosensors. No interaction was observed between TEV and (a) a bare G-FET or
(b) a SLB/G-FET device, where the SLB contains a mixture of DOPC/DOPG = 1:1. In
both tests, the transfer curves remained unmoved after adding TEV protease, indicating
that TEV protease has no significant interaction with G-FET or the DOPC/DOPG lipid
bilayer.
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Figure S6. The response of a SLB/G-FET device to the addition of Vpr at CVpr = 035
μM, where the SLB was composed of pure DOPG. The left-shifts of the Dirac point of
G-FET due to the additions of Vpr indicated the interaction of positively charged Vpr
with the DOPG membrane to induce an n-doping in the G-FET. (b) The 𝛥𝑉𝑔/𝛥𝑉𝑚𝑎𝑥
𝑔
vs. CVpr plot is summarized from the data points measured in (a), where 𝛥𝑉𝑔 is the shift
of the Dirac point relative to the buffer solution (without Vpr) and 𝛥𝑉𝑚𝑎𝑥
represents the
𝑔
saturated ΔVg at high CVpr. The inset shows a least-squares ﬁt of the measured data
points to the Langmuir adsorption isotherm model, from which the dissociation
constant of Kd = 7.3 ± 3.4 μM for the Vpr-DOPG complex was determined.
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Figure S7. The control experiments for measuring the interaction of Vpr and hVDAC1 embedded in DOPC membrane. (a) The response of a SLB/G-FET device was
measured to the addition of Vpr, where the SLB was composed of DOPC lipids. The
transfer curves were recorded as a function of CVpr from 0 to 35 μM. Only slight shift
of the SLB/G-FET was detected with the addition of Vpr, indicating that the interaction
between Vpr and the DOPC membrane was not significant. (b) The transfer curve of a
G-FET device did not shift in response to the addition of Vpr, indicating that Vpr did
not interact with a bare graphene. (c) The transfer curve of a G-FET device stayed
unchanged for a period of 24 hrs, demonstrating the stability of the device.
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Table S1. Recipe for 1L of growth medium. (Modified from reference [S1].)
1

1-liter salt solution
K2HPO4
KH2PO4
Na2HPO4
K2SO4
NH4Cl

per liter
13.0 g
10.0 g
9.0 g
2.4 g
1.0 g

2

100 µl Trace element solution
MgCl2·6H2O
HCl (12N)
FeCl2·4H2O
CaCl2·2H2O
H3BO3
MnCl2·4H2O
CoCl2·6H2O
CuCl2·2H2O
ZnCl2
Na2MoO4·2H2O

per 100 ml
22.64 g
0.16 ml
400 mg
15 mg
6 mg
1 mg
2 mg
1 mg
28 mg
50 mg

3

100 µl Vitamin mixture solution
Biotin (vitamin B7)
Folic acid (vitamin B9)
PABA (para-aminobenzoic acid)
Riboflavin (vitamin B2)
Pantothenic acid (vitamin B5)
Pyridoxine HCl (vitamin B6)
Thiamine HCl (vitamin B1)
Niacinamide (vitamin B3)
Carbenicillin
Glucose

per liter
22 mg
22 mg
2200 mg
2200 mg
4400 mg
4400 mg
4400 mg
4400 mg
100 mg
4.0 g

4
5
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Table S2. The yields of GB1-fused Vpr proteins.

Soluble

Insoluble

Yield (mg/L LB broth)

3.6 ± 0.9

3.0 ± 0.7

Yield (mg/L defined growth
medium)

10.1 ± 3.4

2.1 ± 0.5

Table S3. The monoisotopic mass (kDa) of the proteins.
Protein

Calculated mass

Observed mass

GB1-fused Vpr

21388.7

2138.6

Vpr

11315.8

11315.9

Table S4. Calculated Secondary Structure Fractions based on CD spectra.
Helix 1

Helix 2

Strand 1

Strand 2

Turns

Unordered

DPC micelles

0.34

0.20

0.04

0.04

0.09

0.29

q=0.1 bicelles
DPC/DMPC

0.37

0.21

0.03

0.03

0.13

0.23

q=0.1 bicelles
DPC/DMPC:
DMPG (1:1)

0.33

0.21

0.03

0.04

0.09

0.31
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