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Human voltage-dependent anion channel-2 (hVDAC-2)
functions primarily as the crucial anti-apoptotic protein in the
outer mitochondrial membrane, and additionally as a gated
bidirectional metabolite transporter. The N-terminal helix
(NTH), involved in voltage sensing, bears an additional 11-resi-
due extension (NTE) only in hVDAC-2. In this study, we assign a
unique role for the NTE as influencing the chaperone-indepen-
dent refolding kinetics and overall thermodynamic stability of
hVDAC-2. Our electrophysiology data shows that the N-helix is
crucial for channel activity, whereas NTE sensitizes this isoform
to voltage gating. Additionally, hVDAC-2 possesses the highest
cysteine content, possibly for regulating reactive oxygen species
content. We identify interdependent contributions of the N-he-
lix and cysteines to channel function, and the measured stability
in micellar environments with differing physicochemical prop-
erties. The evolutionary demand for the NTE in the presence of
cysteines clearly emerges from our biochemical and functional
studies, providing insight into factors that functionally demar-
cate hVDAC-2 from the other VDAC:s.

The voltage-dependent anion channels (VDACs)? are the
most abundant outer mitochondrial membrane B-barrel pro-
teins in eukaryotes. In humans, they exist as three isoforms
(hVDAC-1, -2, and -3) and together govern the passage of
metabolites and ions across the outer mitochondrial membrane
(1, 2). hVDAC-1 is 10- and 100-fold more abundant than
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hVDAC-2 and -3, respectively, and is the most characterized
VDAC protein (1, 3). Crystal and NMR structures for
hVDAC-1 are concurrent with a 19-stranded 3-barrel, bearing
an N-terminal helix (NTH) lining the pore interior (4-6).
hVDAC-2and hVDAC-3 share 72 and 69% sequence identity to
hVDAC-1, and are expected to adopt similar structural scaf-
folds (1).

hVDAC-1 is known to exhibit the highest ion channel activ-
ity, which is voltage-gated by the NTH (5, 7). Furthermore,
hVDAC-1 and -3 possess pro-apoptotic functions (1), whereas
hVDAC-2 is gaining popularity for its anti-apoptotic property
(inhibition of BAK function) (8). The recent crystal structure of
zebrafish VDAC-2 revealed that the NTH lines the pore inte-
rior in a manner resembling hVDAC-1 (9). A definitive place-
ment of this amphipathic helix in all VDAC isoforms has been
the subject of constant debate. There is experimental evidence
for the NTH lining the pore (4-6, 9—11), located outside the
pore and toward the cytosol (12, 13) forming a part of the barrel
wall (14, 15) and the remaining membrane adsorbed (16). It was
seen that the NTH required a specialized hydrophobic or
amphipathic environment to attain its structure in aqueous
conditions (17-19). Taken together, the data reflect the highly
dynamic nature of the NTH.

The hVDAC-1 NTH is essential during apoptosis and cyto-
chrome c release, as it interacts with the anti-apoptotic factors
Bcl-2 and hexokinase-1 (20). Conversely, NTH is dispensable
for metabolite exchange, cell growth, mitochondrial targeting
of the protein, as well as barrel oligomerization (17, 20). NTH
deletion results in complete loss of VDAC voltage dependence
(7,20-24), suggesting that the NTH is a voltage-gating sensor.
It is, however, unclear whether the NTH-less channel remains
in the high conductance (20, 23) or the subconductance state (7,
21, 22, 24). Models that explain the NTH-mediated gating and
hVDAC-1 subconductance state at >+30 mV include: (i) helix
translocation into the barrel, causing pore closure (25); (ii)
alteration of NTH-pore interaction due to change in NTH
structure (26, 27); (iii) translocation of the helix from the pore
wall to the center (5, 6); (iv) ellipsoidal barrel formation upon
NTH removal (7); and (v) no structural rearrangement during
gating (28).

It is evident that the NTH of VDAC-1 can possess diverse
functional properties and structural characteristics. In
hVDAC-2, the NTH carries an additional 11-residue
sequence that we term “N-terminal extension” (NTE, residues
1-11) (Fig. 1A). NTE is absent in the other VDAC isoforms, and
is implicated in hVDAC-2 channel activity, as well as resistance
to reactive oxygen species (ROS) (29). The role of the NTH and
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NTE of hVDAC-2 were recently examined in the context of
channel function and gating (24, 29, 30). However, our under-
standing of the N-helix (NTH + NTE) function in hVDAC-2 is
remarkably poor when compared with hVDAC-1. Further-
more, the possibility that the helix plays additional structural
roles in hVDAC-2 has not yet been examined.

In this study, we address the role of h VDAC-2 NTH and NTE
in the function and stability of this transmembrane -barrel.
Furthermore, we evaluate the significance of our findings in
micellar systems and lipid bicelles. We demonstrate that the
removal of NTE and NTH disrupts barrel voltage sensing and
stability in a manner that is considerably influenced by the pres-
ence of the hVDAC-2 cysteine residues. Additionally, our data
supports a biophysical role for the N-helix in barrel refolding
kinetics and points to an evolutionary significance for why
hVDAC-2 requires an extended N-terminal segment.

Experimental Procedures

Production and Refolding of hVDAC-2 WT (Wild Type) and Its
Mutants—Human vdac-2 gene in pET-3b (31) was used as the
template for the generation of c0-pET-3b, through site-directed
mutagenesis. hVDAC-2 constructs lacking NTE (A'~'") and
NTE + NTH (A'"3?) were cloned from these parent con-
structs. Cys-less full-length (FL CO0) had the following muta-
tions: C8S, C13A, C47E, C76T, C103A, C133H, C138S, C210N,
and C227N (see Fig. 1C). Escherichia coli BL21(DE3) cells were
transformed with these plasmids, and the proteins were
expressed as inclusion bodies. We followed the previously
established protocol (31) for protein purification.

Refolding of hVDAC-2 WT and its mutants was achieved by
rapid 10-fold dilution of 250 um denatured protein (in 6 M
GdnHCI and 10 mm DTT) in 65 mm LDAO (lauryldimethyl-
amine oxide) or 19.5 mm DDM (dodecyl B-pD-maltoside) pre-
pared in Buffer A (100 mm NaCl, 10 mm DTT, 50 mm phosphate
buffer, pH 7.2) at 4 °C. Refolding reactions were incubated at
4°C for 5 h, and aggregated protein, if any, was removed by
centrifugation at 15,500 X g for 1 h at 4 °C. The final refolded
protein 5X stocks thus prepared contained 25 uM protein in 65
mMm LDAO or 19.5 mm DDM in Buffer A; residual GdnHCI (0.6
M) was not removed.

Bicelles of varying g (¢ = [long chain lipid; DMPC]/[short
chain lipid; LDAO or DDM]) ranging from 0.00015 to 1, were
generated by subjecting a DMPC (1,2-dimyristoyl-sn-glycero-
3-phosphocholine) gradient (0.01 to 20 mm), prepared in 65 mm
LDAO or 19.5 mM DDM in Buffer A, to five freeze-thaw cycles
(31). 250 um denatured protein (in 6 M GdnHCI and 10 mm
DTT) was refolded by 10-fold dilution in the bicelles prepara-
tions, as described for the micelles. Samples were additionally
dialyzed against Buffer A to remove residual GdnHCl and cen-
trifuged to remove aggregated protein, to generate the 5X
refolded stock.

Unless specified otherwise, all stock proteins were diluted
5-fold in Buffer A (without DTT), for the various
measurements.

Channel Conductance Measurements—Refolded protein
(5X refolded protein stock (25 uMm) in 65 mm LDAO in Buffer A
supplemented with 0.1% cholesterol and 1% Triton X-100 (32))
was added to the cis side of a planar lipid bilayer made up of 12.5

SASBMB

DECEMBER 18, 2015+VOLUME 290-NUMBER 51

mg/ml of DiPhPC (diphytanoyl phosphatidylcholine) + 0.1%
cholesterol painted across a 200-um aperture. The cis and trans
chambers contained 10 mm HEPES buffer, pH 7.4, 5 mm CaCl,,
and 1 M KCl (32). All bilayer recordings and data analyses were
carried out using reported methods (33). Briefly, the channel
insertion events were recorded at a holding voltage of +10 mV
with a filtering frequency of 400 Hz and voltage dependence
was studied using a 3 mHz triangular voltage ramp between
+60 mV ata filtering frequency of 15 kHz. 20 —100 active chan-
nels were used for voltage ramp measurements.

The conductance (G/G, and open probability (P,,.,)
plots were calculated for the channel reopening part of the
ramp (33). The steepness of the voltage dependence (7) and the
voltage at which half the channels are open (V) were obtained
using Equation 1 (33).

max)

Gmin — G —nFV + nFV,
n[G - Gmax] T RT (a1
Here, G is the conductance at any voltage V, G,,;,, and G, are
the minimum and maximum conductance seen at higher and
lower voltages, respectively, F is the Faraday constant, R is the
gas constant in joules, and 7 is the temperature in kelvin.

Peptide Synthesis and Sample Preparation—The NTH
sequence of hVDAC-2 WT (residues 12—32; see Fig. 1B), was
synthesized by Fmoc (N-(9-fluorenyl)methoxycarbonyl) chem-
istry, using established protocols (34), with a Cys-13 — Ala
replacement. Two sample types with different protein:peptide
ratios (1:10-1:1000) were prepared: (i) peptide was added to
the unfolded protein and co-refolding was done; (ii) peptide
was separately folded in LDAO by mixing, and added to the
refolded protein stock, or directly in the cis and trans chamber,
whereas carrying out the planar lipid bilayer experiments.

Barrel Refolding Kinetics Measurements—Refolding kinetics
was monitored using Trp fluorescence anisotropy (r) by rapid
10-fold dilution of 250 um denatured protein (in 6 M GdnHCl
and 10 mm DTT) into 65 mm LDAO or 19.5 mm DDM at 4 °C
(31). A A, = 295 nm and A, = 340 nm were used to acquire
data every ~15.74 s. The experiment dead time was ~20-25 s
(31). Data were fitted to a single exponential function to derive
the refolding rate (k) (31).

Equilibrium Unfolding and Refolding—Intrinsic Trp fluores-
cence was used to measure equilibrium refolding in GdnHCl
(35). 25 wm protein in 65 mm LDAO or 19.5 mMm DDM in Buffer
A (refolded stock) or Buffer A supplemented with 6 M GdnHCI
(for LDAO) or 4 M GdnHCI (for DDM) (unfolded stock) were
diluted 5-fold in a GdnHCI gradient. The final reactions con-
tained 5 uM protein, 13 mm LDAO, or 3.9 mm DDM in Buffer A
containing 2 mm DTT. The progress of all the reactions were
monitored for 16 h in LDAO and 72 h in DDM using A, = 295
nm and A_,, = 310—400 nm, at 25°C. In LDAO, prolonged
incubation (more than 1 h) resulted in protein precipitation in
GdnHCI concentrations of ~1-3 m. The fluorescence intensity
at 340 nm (A, .. Of folded protein) was used to calculate the
unfolded fraction (f;;) and fitted to a two-state equation to
obtain the equilibrium free energy of unfolding (AGY) at 0 M
denaturant, m value, and C,, (35). In conditions wherein hys-
teresis was observed, apparent free energy of unfolding
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((AGSPP) and apparent unfolding cooperativity (m
derived (36).

Anisotropy, Quenching, and Lifetime Measurements—Trp
fluorescence anisotropy (r) was acquired at A,,, = 340 nm using
Aex = 295 nm, slit width of 5 nm, and integration time of 5 s over
three trials to achieve a standard error <2% (31). Acrylamide
quenching measurements of Trp fluorescence were recorded at
25 °C using established protocols (31), to derive the Stern-Vol-
mer constant (Kg,,). Trp lifetimes were measured using time-
correlated single photon counting using A, = 292 nm and the
data were collected at 340 nm. Fits of the data to a triple expo-
nential function provided amplitude fractions («;) and corre-
sponding lifetimes (,). The average lifetime (<7>) was derived
using Equation 2.

app) were

<7T> = ;T (qu)

Bimolecular quenching constant (k,) and apparent rotational
correlation time (7,) were calculated using Equations 3 and 4.

ky = Ksy/<7> (Eq.3)

T.= <1>71/(rg — 1) (Fq.4)

Here r, was taken as 0.3 for indole moiety.

Thermal Denaturation and Protein Stability—Far-UV circu-
lar dichroism (CD) wavelength scans were obtained using a
scan rate of 100 nm/min, 0.1 cm path length, 1 nm bandwidth,
and 1 s response time, at 4 °C. Raw CD values (6) in degrees
were converted to mean residue ellipticity (MRE; 6,,g) using
Equation 5.

MRW X 6

Owee =705 dx ¢ (Ea-5)

Here, MRW = M(N-1), M is molecular weight of the protein in
Da and N is the number of residues in the protein, 4 is the path
length in cm, and c is the protein concentration in g/ml.

Thermal denaturation was monitored at 215 nm (MRE,, ;) at
aramp rate of 1 °C/min, with sampling carried out at every 1 °C
from 4 to 95 °C (31). Data were converted to f;; (31) and fitted
with a two-state equation (37) to derive T, (midpoint of ther-
mal denaturation) and unfolding cooperativity. For thermal
denaturation in DMPC:LDAO and DMPC:DDM systems, the
refolded protein stocks were diluted 5-fold in Buffer A (without
DTT) to achieve a DMPC gradient of 2—4000 um, in 13 mm
LDAO or 3.9 mm DDM containing 5 um protein. These samples
were subjected to thermal denaturation, and f; was calculated
(31). The T, ..., (temperature at which thermal denaturation
is initiated) was derived using reported methods (35).

Differential Scanning Calorimetry Measurements—Phase
transition temperatures of DMPC in vesicular and bicellar sys-
tems were monitored using Microcal VP-differential scanning
calorimetry microcalorimeter. DMPC bicelles (2—4000 uMm) in
13 mm LDAO or 3.9 mm DDM were made without DTT as
described in the previous section. The samples were subjected
to thermal denaturation from 4 to 60 °C, at a scan rate of
60 °C/h and acquisition was carried out in high gain mode using
1 s filtering. The data were blank corrected, normalized, and
processed using Microcal Origin software.
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Data Analysis and Validation—All activity measurements
were averaged over at least 4 independent recordings and spec-
troscopic measurements at least twice, using freshly refolded
samples. Unless otherwise specified, graphs represent average
data, and the error bars have been omitted for clarity. Parame-
ters (T, T, qare Unfolding cooperativity, #, and V;)) have been
derived from fits to independent datasets, with the error bars
representing the standard deviation between independent
experiments. The thermodynamic parameters (C,, m value,
and (AGY)) were derived from fits to averaged data with the
error bars representing the goodness of fit.

Results

hVDAC-2 A 32 Shows Loss of Voltage Dependence in Lipid
Bilayers and A'~'" Barrel Is Voltage Sensitized—The role of
NTH in voltage sensing of hVDAC-1 is well established (7, 20,
22, 24). However, the requirement of the additional 11-residue
NTEin hVDAC-2 is unclear. In the I-TASSER-predicted model
of hVDAC-2 (Fig. 1A4), NTE exists as a random coil, and this
region may form minimal interactions with the channel wall.
NTE may play a role in protection from ROS (29), but its role in
regulating channel conductance, voltage gating, or acting as a
docking site for the Bcl-2 family of proteins is unclear. We
therefore probed the functional and physiological properties of
hVDAC-2 WT FL and the N-helix truncations in black lipid
membranes, by designing hVDAC-2 constructs A'™'' and
A'"%? (Fig. 1, A and B). Additionally, hVDAC-2 is known to
have unusually high cysteine content. Cysteines are rare in pro-
teins, and their unusual abundance in hVDAC-2 suggests that
they may be functionally important. Hence, we assessed the
interplay of cysteines and NTH(+NTE), by generating CO con-
structs (Fig. 1C).

We used multichannel membranes to monitor the response
of hVDAC-2 to triangular voltage ramps (33). In VDAC-1, sep-
arate gating mechanisms at positive and negative voltages gives
rise to asymmetric voltage dependence in DiPhPC bilayers (38).
In vivo function for this asymmetry is unknown. Bilayer prop-
erties, strand deletions, disulfides, and NTH mutations affect
this asymmetry, through directed insertions, conformational
changes, or gating charge neutralization (11, 23, 39, 40). In
hVDAC-2 FL, a quantitative comparison of the normalized
conductance (Fig. 2, A and B) reveals asymmetric gating,
whereas the deletion of NTE (A'~'!) elicits a more symmetrical
response to the applied voltage (Fig. 2B). NTE deletion changes
the voltage dependence in the positive arm for WT and negative
arm for CO (Fig. 2B). Hence, depending on the presence of cys-
teines, NTE deletion shows opposite effects on hVDAC-2, with
an overall similar outcome of symmetrized voltage sensing.
Based on the nFV, values (discussed below), the removal of
NTE perturbs hVDAC-2 asymmetric gating through a confor-
mational change in the barrel.

Complete removal of NTE + NTH (A'~2) abolishes the volt-
age dependence of hVDAC-2 (Fig. 2A4), similar to previous
observations for other VDACs (7, 20-24). Supplementing a
synthetic NTH separately to the A'~>* barrel does not revive
channel gating characteristics for both WT and CO (Fig. 2D),
although the peptide adopts a helical conformation (Fig. 2C).
Our data reveals that a helical structure of the N-helix is insuf-
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FIGURE 1. hVDAC-2 N-terminal deletion mutants and detergent systems used in this study. A, the I-TASSER (57) modeled structure of the hVDAC-2 barrel
(gray) is shown on the left, with NTE in blue and NTH in red. Middle and right panels show the I-TASSER modeled structure of hVDAC-2 A'™'" and A'32 WT,
respectively. B, multiple sequence alignment of the N-terminal mutants of hVDAC-2, and color coded according to A. C, comparison of hVDAC-2 WT and CO
sequences, highlighting the nine cysteines of WT in yellow, and showing the corresponding replacements in CO. All residues have been color coded according
to their physicochemical properties. D, schematic representation of the hVDAC-2 barrel in LDAO (upper panel) and DDM (lower panel) micelles. The hydropho-
bic core of the micelles is shown in light blue and the polar headgroups in dark blue. The hydrophobic core of the protein is demarcated by orange lines. Note
the spherical and oblate shapes of LDAO and DDM micelles, respectively. Chemical structures of LDAO and DDM are also provided to highlight the size of the

headgroups.
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FIGURE 2. Channel conductance measurements of hVDAC-2 and its mutants in lipid bilayers. A, G/G,, ., plots for WT proteins (left panels) and CO constructs
(right panels), obtained in response to a voltage gradient ranging from +60 to —60 mV in DiPhPC + 0.1% cholesterol membrane. The data shows the
importance of the NTH in voltage gating of hVDAC-2. In both the WT and CO barrels loss of voltage dependence is seen upon deletion of the N-helix. WT
constructs: FL (square), A" (triangle), and A'~32 (hexagon); CO constructs: FL (circle), A'"" (diamond), and A'~3? (inverted triangle). B, comparison of the G/G,,,.
plots of WT and CO mutants of FL hVDAC-2 (left panel) and A'~"" hVDAC-2 (right panel). C, the NTH peptide is unstructured (random coil conformation) in both
water and Buffer A, and shows a helical conformation only in 65 mm LDAO (in Buffer A), when measured using far-UV CD. The data suggests that NTH can
interact with the lipid environment in hVDAC-2, which can promote NTH structuring. D, exogenously supplemented NTH peptide is unable to restore
voltage-dependent gating in A'~3? mutants. Experiments were carried out with protein:peptide ratios ranging from 1:10 to 1:1000 and results for 1:1000 ratio
is shown. Error bars in panels A, B, and D are derived from at least four independent experiments.

ficient for its proper function and voltage gating, its proper two different conductance states of ~2 nS (subconductance)
placement within the barrel in cis is mandatory. and ~4 nS (open) (Fig. 3 and Table 1). The ratio of these states

Our single channel conductance measurements indicate that  remains similar across FL and A" constructs. Surprisingly,
hVDAC-2 WT and CO insert in DiPhPC membranes in mainly ~ N-helix deleted A'~*> WT channel also shows the existence of
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FIGURE 3. Channel insertion events of hVDAC-2 and its mutants. A, representative single channel insertion events of hVDAC-2 mutants in DiPhPC + 0.1%
cholesterol membrane at 10 mV. Two events are shown for A'3? mutants, representing insertion at ~2 nS ((a), subconductance state) and ~4 nS ((b), open
state). B, representative stepwise insertion events of hVDAC-2 mutants. C, histograms obtained from channel insertion events; those depicted in color are
obtained from stepwise insertion events shown in B with the counts given on the left. Histograms in black are derived from single channel insertion events
shown in A, with the counts shown on the right. Insertion of a few VDAC channels in the DiPhPC membrane promotes further channel insertion events. Hence,
simultaneous insertion of 2-4 channels gives us a broad range in the conductance histogram derived from stepwise insertions. Both methods show that the
removal of NTE + NTH gives rise to higher instances of channel insertions in the subconductance state. Numbers in brackets indicate total number of insertion
events considered for deriving the histograms from stepwise and single channel insertion events, respectively.

TABLE 1

Summary of electrophysiological parameters of hVDAC-2 mutants measured in DiPhPC membranes

Errors in all cases are derived from averaging independent experiments.

hVDAC-2 Positive voltages Negative voltages Single channel conductance (nS)

mutants® n A\ nFV,° n A\ nFV,© Single insertions” Stepwise insertions®®
FLWT (5)  3.12+050 2863 =192 862 307 +047 —2500=*264 740 243 = 0.58 (6),3.98 = 0.50 (12) 2.30 = 0.72 (5), 4.45 = 0.57 (8)
AY"WT (4) 226 +0.39 2415*091 527 298*+027 —2349*089 675 2.13*0.52(8),3.91 +0.46(11) 2.50 + 0.35(5),4.39 = 0.62 (8)
A2 WT 2.20 = 0.42 (16), 3.86 = 0.60 (9) 2.02 = 0.60 (11), 4.02 * 0.35 (6)
FL CO (6) 240+ 066 21.07 =172 488 231 =068 —2557*368 570  2.30 = 0.54(8),3.75 = 0.48 (10) 2.18 = 0.67 (4), 3.96 = 0.57 (8)
A'CO(6) 279 +0.17 2171 *151 584  2.69*026 —2545*202 660 2.52*041(6),3.62 +0.50 (12) 2.45 + 0.80 (4),3.77 = 0.46 (8)
A2 Co 1.84 £ 043 (16), 3.28 = 0.17 (4) 2.01 £ 0.62 (10), 4.27 *= 0.47 (6)

“ Numbers in parentheses indicate the number of independent experiments conducted for the voltage ramp studies to derive #n and V.

?V, is given in mV.
¢ nEV, is given in kJ mol .

4 The two values represent insertions segregated as “open” (~4 nS) and “subconductance” (~2 nS) states. Numbers in parentheses indicate the number of channels consid-

ered, and are obtained from at least three independent experiments.
¢ Conductance measured for the first 4 -5 single channel insertions.

open and subconductance states, unlike hVDAC-1, where only
the subconductance state is reported (7, 21, 22, 24). The Cys-
less A'™2 hVDAC-2 preferably exists in this subconductance
state (Fig. 3C and Table 1). Our results show that the open
channel state is accessible to helix-less hVDAC-2 when cys-
teines are present. Loss of the N-terminal helix in A'™* WT
may not always give rise to the ellipsoidal barrel with a narrow
pore suggested for hVDAC-1 (7), and may be accessible pre-
dominantly to A*~32 C0.

We calculated nFV,, which indicates the energy difference
between the open and closed channel states (33). This value
decreases marginally when NTE is deleted (Table 1), particu-
larly in the WT protein. Such changes might arise from struc-
tural rearrangements in the barrel (33). We have previously
reported that the association affinity of FL. WT and CO to their
refolding environment depends on barrel rigidity (31). It is
likely that NTE removal alters the barrel scaffold. Taken
together with cysteines, we observe that NTE influences the
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voltage sensing of hVDAC-2, can function only in cis, and plays
an important role in the measured barrel characteristics.

NTE + NTH Lowers Barrel Refolding Rates and NTE Mini-
mizes Off-pathway Aggregates in Cys-rich WT—Our electro-
physiology measurements establish that the N-helix of
hVDAC-2 is crucial for voltage gating and sensing. Generally,
residues conferring functionality to proteins also affect other
biophysical properties such as (un)folding and stability (41). To
address this, we compared the folding/unfolding characteris-
tics of the A’ and A'~3? constructs to the full-length barrels.
We chose two 12-C micellar environments for our folding
experiments: LDAO (zwitterionic detergent with small head-
group) and DDM (non-ionic detergent with a large headgroup).
LDAO forms small spherical micelles (~17 kDa, aggregation
number = 76), whereas DDM micelles are oblate (42), bulky
(50-71kDa), with a higher aggregation number (98-140). Vari-
ations in the micelle shape, size, and headgroup can create dif-
ferences in the hydrophobic radius (42) (see Fig. 1D), ability to
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FIGURE 4. Re/unfolding experiments in LDAO and DDM micelles. A, refold-
ing kinetics of hVDAC-2 WT (upper panel) and CO (lower panel) in 65 mm LDAO
(left) and 19.5 mm DDM (right) measured using changes in Trp fluorescence
anisotropy. Solid lines represent fits to a single exponential function, used to
derive the rate of refolding (k) shown in B. The differences obtained upon
comparison of FLand A" with A"32, and WT with CO constructs in LDAO or
DDM are significant (p value: <0.05, derived using one-way analysis of vari-
ance method). However, taking into consideration the rapid refolding kinet-
ics of all hWVDAC-2 constructs and the experimental dead time (see “Experi-
mental Procedures”), these data must be interpreted with extreme caution. C,
chemical denaturation studies in 13 mm LDAO using GdnHCl, at 25 °C. The
unfolding and refolding curves are represented using symbols and lines,
respectively, and were recorded after 16 h of incubation at 25 °C. Open sym-
bols are used and error bars are hidden for clarity. The symbol/color schemes
are retained from Fig. 2A. The A'™"" and A'~3? WT mutants are most affected,
and considerable protein aggregation is observed. Although CO and its
mutants also aggregate, the fluorescence intensity is not drastically affected,
possibly due to the different nature of aggregates in this case. Error bars in A
denote S.D. values derived from independent experiments and in B show the
goodness of fit.

incorporate cylindrical or elliptical barrels, and display differ-
ent protein-micelle interactions. LDAO is structurally analo-
gous to a chemical chaperone (32), and preserves the VDAC
structure seen in bilayers (43). DDM is a known stabilizing
agent of membrane proteins (44) and maintains the native
(functional) protein state.

We used 65 mm LDAO or 19.5 mm DDM for our experi-
ments. These concentrations were chosen to achieve high
refolding efficiency, similar micelle number, and comparable
secondary structure content for all constructs. The refolding
efficiency does not increase further with an increase in the
detergent concentration (data not shown). We probed the
refolding rates for all the constructs by measuring the intrinsic
fluorescence anisotropy (31) of the four interface tryptophans
(Fig. 4A). The refolding rates are very fast, and we can capture
them only through changes in anisotropy. We see an overall
increase in the refolding rates upon deletion of NTH + NTE. In
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the presence of LDAO, a marginal increase is seen in rates for
some constructs, when compared with DDM (Fig. 4B). Our
data indicates that in the absence of the N-helix, barrel refold-
ing is kinetically rapid and favorable. NTE + NTH and cys-
teines together impede refolding. Global comparison of refold-
ing rates of all WT constructs against those for CO constructs in
both LDAO and DDM shows an increase of >20% in the folding
rates of the CO constructs. Hence, our WT constructs display
slower folding kinetics than their CO counterparts (Fig. 45).

The elevated folding rates of hVDAC-2 A'~>> mutants, par-
ticularly in LDAO for WT, suggest that the N-helix introduces
frustration in the folding pathway for B-barrel formation.
NTE + NTH may prevent the formation of native contacts in
the barrel or stabilize a refolding intermediate. Hence, why
were residues 1-11 retained in the protein? To understand this,
we carried out equilibrium refolding measurements of all bar-
rels in LDAO. Interestingly, considerable non-disulfide aggre-
gates form at intermediate GdnHCI concentrations in all pro-
teins (Fig. 4C). Furthermore, A™™'* WT and A' 3> WT are the
only barrel forms to be substantially affected by off-pathway
protein aggregation. Such aggregates have been observed for
both soluble and membrane proteins (45), and in hVDAC-2,
occur at denaturant concentrations that allow the formation of
folding intermediate.

Our study shows thatin hVDAC-2 WT, NTE(+NTH) lowers
the barrel refolding rate to minimize off-pathway protein
aggregation. The concomitant absence of aggregates in this sys-
tem (discussed later), shed valuable light on hVDAC-2 folding
mechanism. Cysteines have high hydropathy values (46), and
exposed thiols in the refolding intermediate can augment pro-
tein association and result in nonspecific disulfides. Therefore,
NTE(+NTH) of Cys-rich hVDAC-2 can play a crucial role in
directing proper barrel formation, by interacting with exposed
hydrophobic surfaces and establishing transient disulfides. Our
assumption is supported by the altered aggregate characteris-
tics of the refolding intermediate observed between 1 and 3 M
GdnHCI in hVDAC-2 CO0 (Fig. 4C). We conclude that NTE is
important for the proper refolding of hVDAC-2 WT and plays
a crucial role in solubilizing the refolding intermediate.

NTE and NTH Impart Thermodynamic Stability to
hVDAC-2 in DDM with Structural Rearrangements Evident in
LDAO—W:e next measured the contribution of NTE, NTH, and
cysteines to hVDAC-2 thermodynamic behavior, using equilib-
rium denaturation measurements. We obtain irreversible
aggregation of hVDAC-2 upon prolonged incubation in LDAO
(Fig. 4C). Furthermore, the refolding process prior to the onset
of aggregation is three-state, with a prominent refolding inter-
mediate (A'732 > A'"!! > FL for occurrence of the intermedi-
ate). However, barrel unfolding can be adequately explained
using a two-state model. The resultant hysteresis in the system
allows us to estimate only the AGY,, in LDAO (Table 2, dis-
cussed later).

The unfolding and refolding profiles for all proteins in DDM
show cooperative two-state transitions from the micelle-sol-
vated refolded barrel to the GdnHCl-solvated unfolded state
(Fig. 5A). Protein aggregation is considerably diminished and is
observed only upon prolonged incubation (>48 h) (data not
shown). An appreciable amount of hysteresis is obtained only in
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TABLE 2
Apparent thermodynamic parameters in 13 mm LDAO

Samples were incubated for 1 h at 25 °C before data acquisition. Errors in all cases
represent goodness of fit.

Mutants

AG? m C

app app m
keal mol ™! keal mol ™" ;™! M
FLWT 4.38 £ 0.14 —1.39 = 0.04 3.15 + 0.02
A1IWT 5.76 = 0.19 —1.62 = 0.05 3.55 = 0.01
A2 WT 6.35 £ 0.24 —1.79 £ 0.06 3.54 = 0.01
FL CO 3.21 = 0.11 —1.13 = 0.04 2.68 = 0.02
A1 Co 2.57 £ 0.08 —1.02 = 0.03 2.50 = 0.02
A'732Co 4.65 + 0.14 —1.55 + 0.05 3.00 = 0.01
A
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FIGURE 5. Chemical denaturation studies of hVDAC-2 in DDM and LDAO.
A, the unfolding and refolding curves of hVDAC-2 mutants after a 24-h incu-
bation at 25 °C in DDM shows no hysteresis in FL and A'™"" constructs. Mild
hysteresis is observed in A'~3? constructs, and apparent unfolding (UF*) and
refolding (RF*) thermodynamic parameters were derived. Solid lines repre-
sent fits to the two-state equation (used to derive the thermodynamic param-
eters in B) and have been only shown for the unfolding curves. B, summary of
thermodynamic parameters in 3.9 mm DDM. The free energy of unfolding is
shownin blue bars, mvalue in green, and C,,, in red. Asterisk (*) in A'3? mutants
represents the apparent thermodynamic parameters. For convenient com-
parison, the sign of AG3,,, and m values for RF* for A'~*? are reversed. In panel
A errors have not been shown for purpose of clarity and those in panel B
represent goodness of fit.

the A'~3? constructs. This stems from differences in the coop-
erativity of the refolding versus unfolding processes (low
unfolding m value; Fig. 5B). In DDM, NTE deletion causes bar-
rel destabilization by ~0.5 kcal/mol (for WT) and ~0.9 kcal/
mol (for CO0), whereas obliterating the N-helix further lowers
barrel stability by ~1.3 kcal/mol for both proteins (FL versus
unfolding AGg,, of A'™*?) (Fig. 5B). We have previously
observed that in LDAO, FL CO relies on intra-protein interac-
tions to maintain structural integrity (31). Lowered C,, values
in FL CO (Fig. 5B) supports a similar behavior of the Cys-less
barrel in DDM. Truncation of the N-helix increases the C,,
whereas lowering the unfolding cooperativity, suggesting that
intra-protein interactions are replaced with protein-micelle

30246 JOURNAL OF BIOLOGICAL CHEMISTRY

interactions in these proteins. Our data, therefore, underlie the
importance of NTE and NTH for thermodynamic stability of
hVDAC-2, and connects the functional role to the biophysical
property of the protein.

As we observe hysteresis and protein precipitation during
hVDAC-2 refolding in LDAO, we extracted information on
barrel-micelle interaction strengths from only the unfolding
measurements. Although unfolding is a two-state event, the m
values in Table 2 are unusually low for an ~32 kDa protein.
Such low m values indicate that the unfolding titration corre-
sponds to a hidden three-state process. Therefore, the Gibbs
free energy is underestimated in our experiments (47). In line
with observations in DDM, the C,,, of WT constructs are higher
than the CO counterparts (Table 2). The observed increase in
AG?  when the N-helix is deleted arises from an increase in

app
both 1, and C,,,. In this case, AG),, embodies the solvability

of the rg?olded protein, which, in turn, reflects the protein-
micelle interaction strengths. As seen for DDM, removal of the
N-helix therefore increases the affinity of the barrel for its lipid
milieu.

When compared with DDM, the decreased cooperativity of
hVDAC-2 constructs in LDAO shows that the denaturant gains
slower access to the barrel in this micelle, thus increasing the
transition region of unfolding. To examine if this is due to pro-
tein-LDAO interactions, we compared the accessibility and
degree of solvent exposure of the four intrinsic tryptophans.
The Ky, (represents fluorophore-quencher interaction kinet-
ics), k, (represents quenching efficiency or degree of trypto-
phan exposure), r (measures the ability of fluorophore to re-
orient in the excited state), and 7. (measures the rate of
fluorophore rotational diffusion) are provided in Table 3.

K values are lower in DDM compared with LDAO, for both
proteins. Similar lifetimes in both micellar systems, however,
suggest that the solvent-exposed indoles in LDAO maintain a
rigid local environment, whereas the flexible indoles in DDM
micelles are occluded from the solvent. This is supported by the
higher 7,in DDM, suggesting that the bulky headgroup of DDM
occludes Trp from fluorescence quenchers. Hence, LDAO can
form better interactions with hVDAC-2, and facilitates optimal
positioning of the indole at the interface. Comparison of the
secondary structure content of the refolded proteins using
far-UV CD wavelength scans further supports that hVDAC-2
adopts slightly higher B-sheet content in LDAO (compare the
MRE,, ; values in LDAO and DDM in Table 4).

By and large, in LDAO, Trp accessibility in WT constructs
increase when NTE and NTH are deleted, whereas Trp acces-
sibility in CO counterparts decrease. Within the same micelle
system, N-helix and cysteines have complementary effects, pro-
moting barrel-micelle interactions in WT. Furthermore, in
LDAO and DDM, lowered K., and 7, for the WT constructs
indicates lipid-solvated indoles, whereas C0 indoles are more
solvent accessible. Such local changes in the Trp environment
of WT can arise from structural rearrangements driven by
changes in the shear number. This has been speculated for
VDAC:s (48). Therefore, a lowered protein-micelle interaction
in CO explains our observed thermodynamic and spectroscopic
properties.
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TABLE 3
Tryptophan fluorescence properties of hVDAC-2 and its mutants
hVDAC-2WT hVDAC-2 CO
Micelle Mutants <> K. ks° r 7° <> K. ks° " 7°
13 mm LDAO FL 2.50 4.56 1.83 0.124 1.76 3.08 5.67 1.84 0.130 2.37
A1 2.58 5.09 1.97 0.137 2.16 3.10 5.44 1.75 0.128 2.34
A3 2.52 5.28 2.09 0.146 2.39 3.00 533 1.78 0.133 2.39
3.9 mm DDM FL 2.50 3.79 1.52 0.162 2.94 2.99 4.24 1.42 0.153 3.12
A1 2.42 3.62 1.50 0.162 2.85 3.00 4.28 1.43 0.153 3.13
Al32 2.35 3.64 1.55 0.168 3.00 3.04 4.14 1.36 0.163 3.63
“ <7> given in 10° s.
b K, inm L
“kyin10%m 'sTh
@y in arbitrary units.
¢7,in 10%s.
TABLE 4
Thermal denaturation parameters of hVDAC-2 in 13 mm LDAO and 3.9 mm DDM
Errors in all cases are obtained from averaging independent experiments.
hVDAC-2 WT hVDAC-2 CO
Parameters Mutants LDAO DDM LDAO DDM
MRE,,; X 10 (deg cm> dmol ') FL —12.7 + 0.12 —11.6 + 0.41 —-13.1+0.36 —11.1 + 059
A —12.7*191 —11.4 = 0.60 —13.7 = 0.20 —10.8 £ 0.75
Al-32 —11.7 £2.21 —11.4 = 0.24 —11.6 = 0.08 —11.1 =091
T, (°C) FL 69.34 = 0.35 64.33 * 0.92 71.20 = 0.31 62.09 + 1.71
A 65.57 = 1.36 64.76 * 2.02 68.37 = 0.39 61.31 +1.12
A3 63.80 = 1.21 69.59 * 2.82 69.40 = 0.36 69.06 * 0.89
Cooperativity (kcal mol™") FL 65.56 = 2.22 59.13 = 11.66 90.97 *+ 8.62 59.99 = 12.16
A 44.06 * 4.43 35.84 = 05.81 99.24 = 3.11 58.28 * 02.46
Al-32 34.12 = 1.79 28.10 = 12.45 61.19 = 6.16 43.15 + 11.64
T, e (°C) FL 60.85 = 0.78 53.00 = 1.70 65.15 = 1.71 51.20 = 0.85
A 54.02 = 1.39 50.00 = 0.86 60.90 = 0.85 52.52 * 2.64
A3 47.59 * 0.83 49.99 * 2.56 59.83 = 0.24 56.26 = 1.85

Fraction unfolded (f,)

% A200

FL co|| %%

20 40 60 80 20 40 60 80 20 40 60 80
Temperature [°C]

FIGURE 6. Thermal denaturation studies of hVDAC-2. Data were obtained
from 13 mm LDAO (filled symbols) and 3.9 mm DDM (open symbols) and the
parameters derived from the data and fits are summarized in Table 4. Dashed
and solid lines denote fits to the two-state equation for LDAO and DDM,
respectively. Overall, removal of the NTH drastically affects the cooperativity
in both LDAO and DDM. Error bars have been omitted for clarity.

A™"co ||

Thermal Denaturation Measurements Reveal the Role of NTE
and NTH in Stabilizing a Compact Barrel—Our previous stud-
ies on thermal denaturation of hVDAC-2 revealed that the
native barrel is susceptible to heat-mediated irreversible
unfolding, which is tightly associated with aggregation (49). A
measure of the changes in the secondary structure through
far-UV CD (Fig. 6 and Table 4) provides information on scaf-
fold stability and protein-micelle interactions. Assessment of
the observed reduction at 215 nm (Fig. 6) suggests a micelle-
and N-helix dependence to the aggregation event. The T, is
comparable for all constructs (Table 4). Overall, the values are

SASBMB

DECEMBER 18, 2015+VOLUME 290-NUMBER 51

marginally higher in LDAO than DDM, as expected. Examina-
tion of the thermal denaturation-derived parameters for the
NTE + NTH deletions reveals that the significant contribution
of the N-helix is in stabilizing the barrel scaffold. The T, ...
(35) is lower in most of the constructs lacking NTE or NTH
(Table 4). Furthermore, removal of NTE lowers the unfolding
cooperativity of hVDAC-2 WT in both LDAO and DDM
micelles by ~20 kcal/mol (Table 4). Complete deletion of the
N-helix further affects the unfolding cooperativity by ~10 kcal/
mol. hVDAC-2 A'%? CO barrel also exhibits lower unfolding
cooperativity by ~15 kcal/mol in DDM and ~30 kcal/mol in
LDAO micelles, although the deletion of NTE barely
changes the cooperativity in CO (compare FL CO and A™™**
CO0 in Table 4).

This change in cooperativity represents the change in
enthalpy during protein unfolding. Refolded hVDAC-2
enthalpy lies in the range of 0.13—0.33 kcal/mol/residue, which
is similar to other membrane proteins, but is significantly less
than values observed for soluble proteins (50). Low enthalpy for
membrane proteins are presumed to stem from a structured
denatured state, contributions solely from the extra-membrane
segments and/or a buried hydrophobic region upon unfolding
(50, 51). In hVDAC-2, barrel unfolding leads to aggregation
that buries a considerable region of the protein. These aggre-
gates are not structured (data not shown). Hence, our enthalpy
measurements reflect only the change associated with solvent-
exposed regions, and mainly involve the N-helix.

Among the FL constructs, CO exhibits higher enthalpy than
WT (Table 4) that suggests a higher exposed surface area in this
protein. This observation is in agreement with our fluorescence
measurements that CO shows poor protein-micelle interac-
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FIGURE 7. Stability of hVDAC-2 in DMPC:LDAO and DMPC:DDM bicelles. A and D, comparison of the unfolded fraction (f,) determined in bicellar systems
from MRE,, 5, measured at 8 °C using CD, with increasing DMPC concentrations. B and E, Stern-Volmer constants (Ks,) obtained from acrylamide quenching
studies of the refolded proteins in DMPC:LDAO and DMPC:DDM at 25 °C are depicted, and compared with the aggregated protein (Agg). C and F, dependence
of the T, of the refolded proteins to bicelle g, are shown for DMPC:LDAO and DMPC:DDM, and are derived from changes in MRE, 5. A-F, symbol/color schemes
retained from Fig. 2A. Error bars depict the S.D. obtained from independent experiments. The data shown in panels A-C for refolded FL WT and FL CO in
DMPC:LDAO was originally published in Ref. 31, and has been reused here with permission, for comparison with the other constructs. G and H, differential
scanning calorimetry profiles of empty DMPC:.LDAO and DMPC:DDM bicelles, respectively, compared with pure DMPC vesicles (purple line).

tions. When the solvent-accessible N-helix is deleted, the
enthalpy is lowered. The N-helix of hVDAC-2 is structured
(Fig. 2C) and establishes favorable energetic contacts (30), con-
tributing to the high enthalpy of FL constructs. NTE deletion
drastically reduces the enthalpy for only the WT barrel (Table
4), convincing us that this segment exists in a solvent-exposed
structured state. On the contrary, CO barrel rigidity and the lack
of cysteines can cause the NTE to remain unstructured, as a
result of which we see almost no change in enthalpy upon its
deletion (Table 4). The NTH is amphipathic, can dock onto the
barrel wall (4—6, 9, 10), and lower the solvent accessibility of
these side chains. Hence, the deletion of NTH shows only small
enthalpy changes in both WT and CO (Table 4).

Across our hVDAC-2 deletions, a part of the decrease in
enthalpy can also stem from removal of the contacts that the
N-helix forms with the transmembrane B-barrel. Another
likely explanation is the destabilization of the refolded state of
A" and A'73? constructs; hence, fewer stabilizing interac-
tions are formed. The latter explanation is also supported by
our nFV, values and chemical denaturation studies. A clear
picture that emerges when we consider the unfolding coopera-
tivity, enthalpy, T, and T, .- is that NTE and NTH are crit-
ical factors for the formation of a well compacted hVDAC-2.
Additionally, from the chemical and thermal denaturation data,
we find that NTE adopts a soluble structured conformation in
WT hVDAC-2, whereas in CO0, it can remain unstructured.

Refolding of hVDAC-2 in High Bicelle q Is Dependent on
N-helix, with Micelles and Bicelles Showing Comparable
Characteristics—The behavior of membrane proteins in
micelles is believed to be different from lipid bilayers. However,
in VDAG:s, studies have affirmed that the barrel structure in
LDAO and DMPC are similar (43). Nonetheless, whereas
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micelles are dynamic entities, lipid bilayers exert transverse and
lateral forces, due to hydrophobic mismatch and packing pres-
sure at the membrane-protein junction. To assess the require-
ment of NTE and NTH for hVDAC-2 in membrana, we used
membrane bicelles of various g.

We monitored hVDAC-2 behavior using CD, T, and acces-
sibility of tryptophans (Ks,,) (Fig. 7) (31). We obtained compa-
rable refolding efficiency in all bicelle g from 0.00015 to 1.0,
except for A'=*> WT, which failed to refold optimally at g >0.3
in DMPC:LDAO (20-30% higher unfolded fraction (f,) in Fig.
7, A and D). Microcalorimetry measurements (Fig. 7, G and H)
reveal that at ¢ > 0.3 (DMPC:LDAO) or g > 1 (DMPC:DDM)
the bicelle phase transition changes from small isotropic
bicelles (at low g) to bilayer-like character. Unassisted refolding
of hVDAC-2 is, therefore, lower in membrane systems, and
displays the order CO > WT and FL > A'™'* > A'=*2, NTE and
NTH are therefore required for the hVDAC-2 barrel to refold in
lipidic systems.

DDM supports hVDAC-2 refolding (compare Fig. 7, A and
D) in bicelles of higher ¢, possibly because of its oblate micellar
shape. Stronger protein-DMPC interactions in DMPC-DDM
bicelles may also be responsible for this. Lower Ky, for the WT
barrels in DMPC:LDAO and DMPC:DDM, as compared with
the CO constructs (Fig. 7, B and E, left versus right panels) sug-
gests that indoles of the WT constructs are more lipid solvated.
Hence, the strong barrel-micelle interaction exerted by the WT
protein is also translated to lipid bicelles. The truncation
mutants display low K, in conditions with poorer barrel
refolding efficiency (Fig. 7, B and E). When we consider this
data with the observed loss in secondary structure (f;; values in
Fig. 7, A and D), the formation of a membrane-adsorbed barrel
upon N-helix deletion is evident. As seen in micelles (Fig. 4B),
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NTE + NTH facilitate proper hVDAC-2 refolding in lipid
bicelles.

Thermal stability measurements (Fig. 7, C and F) provide us
with several interesting facets of hVDAC-2 behavior. (i) Similar
T, values for all constructs across both bicelle systems suggest
that our measurements correspond primarily to protein-
DMPC interactions. (ii) The 7,, measured in micelles (g = 0) is
retained in bicelles (g = 0.015 for DMPC:LDAO and g = 0.05
for DMPC:DDM) (Fig. 7, C and F). This indicates a structural
similarity of hVDAC-2 between micelles and lipids, as seen for
hVDAC-1 (43). (iii) In higher g, where the barrel exists in the
adsorbed state, both WT and CO barrels show comparable 7',
although f,-WT < f,-CO (compare Fig. 7, A and C or D and F).
The adsorbed state of CO constructs are, therefore, more B-rich.
This is in good agreement with our previous observation that
Cys-less constructs are well structured (32, 49). (iv) In DMPC:
DDM bicelles, both the A'~** constructs display a marginally
higher T,, value (Fig. 7F), although the f; and Kj,, values are
similar to the FL and A'~'! barrels. The NTE + NTH-deleted
hVDAC-2 may possibly tolerate higher lateral bilayer pressure
in DMPC:DDM bicelles.

Our results clearly demonstrate that NTE and NTH are
required for proper refolding of hVDAC-2 in lipidic systems.
Once the correctly folded form is achieved, the stability of the
barrel is primarily determined by the transmembrane B-sheets
that form the pore. Most interestingly, the thermal stability
dramatically decreases at high bicelle g (Fig. 7, C and F), sug-
gesting that unlike hVDAC-1, hVDAC-2 requires additional
stabilizing factors to sustain the bilayer pressure. In the mito-
chondrial membrane, these may include barrel oligomeriza-
tion, interaction with lipids like cardiolipin or cholesterol, and
binding to anti-apoptotic agents such as BAK.

Discussion

The N-terminal helix of VDAC has attracted recent atten-
tion, due to its requirement for channel function and its
involvement in several regulational processes, interaction with
anti-apoptotic proteins, and cell survival (19, 20, 29). Addition-
ally, the unique 11-residue sequence observed only in human
isoform 2 is of intrigue from the structural and functional per-
spectives. However, studies on this isoform have been surpris-
ingly limited. Our report is the first to embody the functional
and biophysical requirement of the unique 11-residue NTE in
hVDAC-2. We find that NTE is structured and plays an impor-
tant role in the proper refolding of hVDAC-2 in both micelles
and lipid bilayers. NTE suppresses the formation of undesirable
off-pathway aggregates, and stabilizes the native state. Func-
tionally, NTE confers asymmetric gating to the hVDAC-2
channel in DiPhPC membranes.

NTE exerts an important influence on the barrel character-
istics in the presence of cysteines. It is well known that the most
abundant VDAC-1 isoform possesses only two cysteines; these
cysteines are not important for apoptosis (52). However,
hVDAC-2 has nine cysteines that orient toward the intermem-
brane space. Considering the sparsity of cysteines in proteins,
the cysteine content of hVDAC-2 is unusually high. We have
previously demonstrated that when cysteines are mutated,
hVDAC-2 can exhibit characteristics akin to hVDAC-1 (31).
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NTE deletion in this Cys-less construct shows a less pro-
nounced functional and biophysical manifestation compared
with NTE-deleted hVDAC-2 WT. Our experimental observa-
tions allow us to conclude that the Cys-enriched WT barrel has
specifically retained the 11-residue NTE for stability and
function. Our hypothesis is additionally supported by the con-
servation of cysteines in VDAC-2, particularly in higher mam-
mals that also possess NTE (Fig. 8 and supplemental Fig. S1).
We are tempted to consider that in the course of evolution,
VDAC-2 sequences of higher mammals, whereas gaining cys-
teines, may also have gained NTE to stabilize the barrel and as a
means of incorporating more cysteines. Only two conserved
cysteines are retained in all three isoforms and across most
organisms (supplemental Figs. S1-S3), and these VDACs are
devoid of NTE. NTE is therefore functionally unimportant for
hVDAC-1, whereas it is evolutionarily significant in hVDAC-2.

VDAC:s are not the only known transmembrane (-barrels
with a biologically important N-helix. The bacterial outer
membrane enzyme PagP, for example, anchors itself to the
phospholipid membrane through the N-terminal helix (53, 54).
hVDAC-2 NTE(+NTH) serves the additional role of assisting
proper refolding of the protein and in voltage sensing. Previous
studies on hVDAC-1 have proposed a loss in barrel topology
upon channel closure and deletion of NTH (7, 10, 48). The
elliptical topology of the closed channel, seen upon removal of
the N-helix, shows altered strand tilting (7, 48). Our experi-
ments also demonstrate that externally supplemented NTH is
unable to revive the voltage gating of hVDAC-2 A' 2. Could a
similar elliptical topology therefore be accessible to hVDAC-2?
The differential barrel-lipid interactions and structure-func-
tion studies we observe suggest that A'~>> CO can access an
elliptical closed state. In WT, on the other hand, our biophysi-
cal results support strong barrel-lipid interactions. Particularly,
the observation that A'~*> WT mainly inserts in the open state
as opposed to A'™*? CO barrel, strongly advocates for a less
collapsed topology in native hVDAC-2. Another interesting
outcome of our study is the influence of cysteines on the barrel
scaffold. Cysteines affect hWVDAC-2 folding and the barrel tol-
erance to increased bilayer pressure when NTE + NTH are
absent. Remarkably, the barrel-lipid interaction strengths are
altered in the A'~3> C0 barrel, which could stem from the ellip-
tical conformation. Such interactions depend on whether the
micelle packing can accommodate the altered topology. LDAO
experiences electrostatic repulsion in the headgroup (55) and
are more suited to stabilize spherical hVDAC-2 structures that
impose lesser demands on micelle packing. The non-ionic
oblate DDM micelles have lesser hydrophobic diameter and do
not suffer from packing defects as LDAO (55). DDM can there-
fore promote protein-micelle interactions in both spherical and
elliptical barrel forms. This feature of DDM is possibly why we
obtain DMPC:DDM bicelles of higher g and optimal lateral
pressure for refolding hVDAC-2.

In hVDAC-2, our experiments in 12-C micellar systems
translate reproducibly to the 14-C lipidic bicelles. A similar
structural scaffold is therefore retained by this protein in vari-
ous systems. Furthermore, the contribution of NTE and NTH
are comparable in LDAO, DDM and DMPC. Our measure-
ments, therefore, correspond primarily to the interaction of the
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VDAC-2 Cladogram

S.cerviseae 0.42319
A.thaliana 0.29142
S.tuberosum 0.18391
O.sativa 0.18835
D.rerio 0.0487
S.salar 0.05378
X.laevis 0.04518

M.musculus 0.00509
R.norvegicus 0.00508,

C.griseus 0.02153
B.taurus 0.00468
M.mulatta 0.00195
H.sapiens 0.00334
O.cuniculus 0
S.scrofa 0.005

B.mutus 0.00769

M.brandtii -0.00063

C.mydas 0.01682
C.brachyrhynchos* 0.00975
C.anna* 0.00433
A.forsteri* 0.00179
B.rhinoceros* 0.00415

A

A.platyrhynchos* 0.01377
M.gallopavo 0

S.camelus* 0

G.gallus 0

FIGURE 8. Cladogram comparing sequence similarities in VDAC-2 across various organisms, created using ClustalW2 Phylogeny (58, 59). The 10
organisms with a cysteine-rich VDAC-2 sequence that evolved from a common root (*) and show sequence conservation (see supplemental Fig. S1) are boxed.
We believe that during sequence divergence, a Cys-rich barrel was selected earlier in evolution, after which the NTE was added to the primary sequence of
VDAC-2. As a result, the conserved cysteines (Cys-133 and Cys-138, numbered according to hVDAC-2) are retained across all organisms that evolved from the
root, but sequence similarity across the N-terminal residues is restricted to the higher mammals (see supplemental Fig. S1 for the alignment). Across different
VDAC isoforms Cys-138 (numbered according to hVDAC-2) shows conservation in the first 10 organisms in both VDAC-1 and -2 (see supplemental Fig. ST and
S2), whereas Cys-133 (numbered according to hVDAC-2) is conserved in VDAC-2 and -3 (see supplemental Fig. S2 and S3).

N-helix with the B-barrel, and the B-barrel with its lipid envi-
ronment. The intrinsic amino acid composition, secondary
structure, and tertiary interactions mediated through NTH and
NTE together contribute substantially to the overall h VDAC-2
stability. hVDAC-2 topology and strand tilt can be altered by
the lipid environment (7, 48), in a cysteine- and N-helix depen-
dent manner, through likely changes in the shear number. The
loss in barrel stability with an increase in bilayer lateral pressure
suggests that agents such as unsaturated lipids, which intro-
duce defects in ordered lipids, promote refolding and control
residence time of the barrel in the mitochondrial outer
membrane.

Our observation that hVDAC-2 can remain in the “open”
state even in the absence of the N-helix opens new avenues for
its contribution to apoptosis. The role of cysteines of hVDAC-2
and hVDAC-3 in ROS regulation has been speculated for some
time. Irreversible cysteine oxidation during ROS build-up can
undock the N-helix from within the barrel. As hVDAC-2 can
retain its open state in this condition, it is tempting to speculate
that this conformation can ultimately lead to unregulated mito-
chondrial outer membrane permeabilization and cell death.
Furthermore, conformational changes imposed by lateral
bilayer pressure can alter the barrel topology in vivo and affect
N-helix interaction with the Bcl-2 protein family. Different bar-
rel interaction surfaces thus presented to the Bcl-2 proteins can
reflect the antagonistic apoptotic functions of hVDAC-1 and

30250 JOURNAL OF BIOLOGICAL CHEMISTRY

hVDAC-2 (6, 14, 25, 26). Our study delivers new insight on
barrel-micelle, barrel-lipid interactions, which, when taken
together with hVDAC-2 cysteines and the N-terminal region,
can control barrel dynamics. Such conformational changes
imposed by lateral bilayer pressure and N-helix interaction can
cause structural changes and lead to different barrel stability.
As has been recently seen for BAX-mediated apoptosis (56),
this process can trigger or halt the apoptotic pathway.

Author Contributions—R. M. conceived the study. S.R.M. per-
formed the experiments. Both authors analyzed the data and wrote
the paper.
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