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SUMMARY

The voltage-dependent anion channel (VDAC) regu-
lates the flux of metabolites and ions across the outer
mitochondrial membrane. Regulation of ion flow in-
volves conformational transitions in VDAC, but the
nature of these changes has not been resolved to
date. By combining single-molecule force spectros-
copy with nuclear magnetic resonance spectroscopy
we show that the B barrel of human VDAC embedded
into a membrane is highly flexible. Its mechanical
flexibility exceeds by up to one order of magnitude
that determined for B strands of other membrane
proteins and is largest in the N-terminal part of the
B barrel. Interaction with Ca®*, a key regulator of
metabolism and apoptosis, considerably decreases
the barrel’s conformational variability and kinetic
free energy in the membrane. The combined data
suggest that physiological VDAC function depends
on the molecular plasticity of its channel.

INTRODUCTION

VDAC is the most abundant protein in the outer mitochondrial
membrane and is the only known pathway for metabolites
and small ions into the mitochondrial matrix (Bathori et al.,
2006; Benz, 1994; Gincel et al., 2001; Shoshan-Barmatz et al.,
2010a; Tan and Colombini, 2007). VDAC has been implicated
as a critical regulator of apoptosis (Shoshan-Barmatz et al.,
2010b) and as a component of the Ca®*-regulated permeability
transition pore (Crompton, 1999; Narita et al., 1998; Szabo
et al., 1993; Zoratti and Szabo, 1995). It determines metabolite
flow by voltage-dependent conformational changes between
a high-conductance anion-selective state and several low-
conductance states favoring small cations (Blachly-Dyson and
Forte, 2001; Schein et al., 1976). Although the existence of these
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states is widely accepted, their molecular nature has not been
resolved to date.

VDAC forms a 19-stranded B barrel with an N-terminal amphi-
pathic o helix located inside the pore (Bayrhuber et al., 2008; Hill-
eretal., 2008; Ujwal et al., 2008). Electron microscopy and black
lipid membrane measurements indicated that channel closure is
accompanied by large structural changes (Guo and Mannella,
1993; Peng et al., 1992; Zimmerberg and Parsegian, 1986).
In addition, early studies suggested that the o helix and some
B strands form a voltage sensor, which moves out of the mem-
brane and thus results in a smaller pore (Song et al., 1998;
Thomas et al., 1993). In an alternative gating model, the N-termi-
nal o helix moves into the pore lumen while the B barrel remains
unchanged (Hiller and Wagner, 2009; Ujwal et al., 2008). How-
ever, both these mechanisms were recently questioned by
experiments, which demonstrated functional channel gating of
VDAC even after crosslinking of the « helix to the channel wall
(Teijido et al., 2012). A new hypothesis then emerged, which sug-
gested deformations of the B barrel as a possible mechanism for
voltage-dependent gating of VDAC (Villinger et al., 2010; Zachar-
iae et al., 2012).

Mitochondria possess several uptake and release mecha-
nisms, which control the amount of calcium in the mitochondrial
matrix and thereby ATP production (Gunter and Sheu, 2009;
Jouaville et al., 1999; McCormack et al., 1990; Nichols and
Denton, 1995; Territo et al., 2000, 2001). In addition, increasing
concentrations of cytosolic Ca?* can lead to calcium overload,
mitochondrial membrane permeabilization, and release of pro-
apoptotic factors (Liu et al., 1996; Susin et al., 1996). Ca?* itself
has been proposed to induce opening of the VDAC channel
(Bathori et al., 2006), while others reported that it has no influ-
ence on channel gating (Rostovtseva et al., 2005). In addition,
two Ca?*-binding sites have been suggested on the basis of
bilayer measurements of VDAC mutants (Israelson et al., 2007,
2008). However, direct evidence for the influence of Ca%* on
the molecular structure of VDAC is missing.

Here we provide insights into the molecular nature of the
conformational transitions that occur in a single membrane-
embedded human VDAC channel. Using single-molecule force

Structure 24, 585-594, April 5, 2016 ©2016 Elsevier Ltd All rights reserved 585


mailto:daniel.mueller@bsse.ethz.ch
mailto:markus.zweckstetter@dzne.de
http://dx.doi.org/10.1016/j.str.2016.02.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.str.2016.02.012&domain=pdf

Cell’ress

spectroscopy in combination with nuclear magnetic resonance
(NMR) spectroscopy, we show that the molecular plasticity of
VDAC lies up to one order of magnitude above that determined
for B strands of other transmembrane proteins. VDAC’s mechan-
ical flexibility is strongly decreased by Ca®* and Mg®*, suggest-
ing that VDAC function is regulated by deformations of its
channel structure.

RESULTS

Single-Molecule Force Spectroscopy of hVDAC1 in
Membranes

To quantify the conformational variability within isoform 1 of
human VDAC (hVDACH1), which is the primary channel protein
involved in ion transport and cellular apoptosis, we recombi-
nantly produced pure hVDAC1 and reconstituted it into lipid
membranes. Using solid-state NMR spectroscopy in combina-
tion with electrophysiological measurements, we and others
have previously demonstrated the structural and functional integ-
rity of the liposome-reconstituted hVDAC1 channel (Bauer et al.,
2011; Eddy et al., 2012, 2015; Schneider et al., 2010; Zachariae
etal., 2012). Next, we imaged the membrane-embedded protein
by atomic force microscopy (AFM) (Figure 1). The membranes
had a rather smooth appearance and showed densely packed
pores formed by hVDAC1. The arrangement of the pores indi-
cates that hVDAC1 assembles into heterogeneous oligomeric
forms, in agreement with previous reports and the localization
of hVDACH1 in distinct domains in the outer membrane of mito-
chondria (Hoogenboom et al., 2007; Neumann et al., 2010). After
AFM imaging, the AFM tip was pushed onto densely packed
hVDAC1 assemblies to facilitate the non-specific attachment to
one of the termini of an individual channel (Figure 2A). Withdrawal
of the AFM tip stretched the terminus and induced stepwise un-
folding of the protein resulting in a characteristic saw-tooth like
force-distance (FD) curve (Figure 2B). To this end, only FD curves
corresponding to the fully stretched length (>75 nm) of an
unfolded hVDAC1 polypeptide were analyzed (Bippes and
Muller, 2011; Oesterhelt et al., 2000). At distances >100 nm, the
FD curves detected no interactions suggesting that the channel
has been fully unfolded and extracted from the membrane. It
has been shown that the non-specific attachment of the terminus
to the AFM tip is transient and that the unfolded polypeptide slips
off the tip after a few seconds (Oesterhelt et al., 2000). Thus, after
a waiting time of a few seconds, the tip was ready to attach a new
hVDAC1 molecule and to record the next unfolding FD curve.

Figure 1. AFM Topographs of hVDAC1
Reconstituted into Lipid Membranes

(A) Overview showing membrane patches.

(B) High-resolution topography showing the mem-
brane surface peppered with small pores. Patches
of densely packed pores are surrounded by higher
protruding lipid membrane, which makes it difficult
to contour hVDAC1 molecules by the AFM tip.

(C) At higher resolution, the individual pores formed
by hVDAC1 become better visible (dashed circles).
Single-molecule force spectroscopy experiments
of hVDAC1 channels were conducted on such
densely packed patches.

The individual unfolding curves of single hVDAC1 channels
revealed a series of force peaks, which varied in occurrence
demonstrating that the unfolding steps have a certain probability
to occur and that multiple unfolding pathways coexist (Fig-
ure 2B). We then performed a superposition of all FD curves.
The superposition revealed a common pattern of predominant
unfolding force peaks that best describes the mechanical un-
folding pathway of hVDAC1 (Figure 3A). Each peak of this pattern
corresponds to a reoccurring unfolding event toward the com-
plete unfolding and extraction of a single hVDAC1 molecule
from the lipid membrane. The unfolding intermediates identified
in this way are thus common to different unfolding pathways of
hVDACT.

To assign the unfolding intermediates and reveal the average
contour length (in amino acids [aa]) of the unfolded hVDAC1
polypeptide, stretched between the AFM tip and the membrane,
we fitted every unfolding force peak to a worm-like-chain (WLC)
model (Figures 3A and 3B). The adhesion force peaks detected
at contour lengths of =1-5 aa lay within the contact region
(<5 nm) of the tip and membrane where unspecific interactions
dominate the forces detected by force spectroscopy (Oesterhelt
et al.,, 2000; Thoma et al., 2012). These unspecific interaction
forces are thus not correlated to the polypeptide sequence/
structure. The analysis identified the first hVDAC1 specific force
peak at a contour length of 15 + 10 aa (average + SD) and the last
peak at 253 + 10 aa (Figure 3B). Although the last force peak
showed a low occurrence, its existence and the fact that the
preceding force peak pattern overlaps with the force peaks of
all other superimposed force curves, confirmed that the force
curves belong to the same unfolding pathway of the hVDAC1
channel. As demonstrated frequently, this unfolding spectrum
is specific for the point of attachment of the AFM tip to the
terminal end of the membrane protein and for the lipid environ-
ment, ligand binding, and functional state of the membrane pro-
tein (Bippes et al., 2013; Engel and Gaub, 2008; Ge et al., 2011;
Kedrov et al., 2005; Zocher et al., 2012). The N-terminal end pre-
ceding the first § strand of the hVDAC1 barrel comprises 28 res-
idues, while the C-terminal end following the last B strand 19
comprises only 8 aa. From the example of various a-helical
and B barrel transmembrane proteins, it has been shown that
the last force peak of the unfolding force spectrum usually re-
cords the last unfolding step of a single or of grouped secondary
structure elements (Oesterhelt et al., 2000; Sapra et al., 2009;
Thoma et al.,, 2012; Zocher et al., 2012). Assuming that the
AFM tip pulls hVDAC1 from the N-terminal end and that the
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Figure 2. Mechanical Unfolding of Membrane-Embedded hVDAC1
(A) Schematics of the single-molecule force experiment. A single hVDAC1 has
been non-specifically attached to the tip of an AFM cantilever. Increasing the
distance of tip and membrane stretches the polypeptide bridging AFM tip and
proteoliposomes. This mechanical stress establishes a force that induces the
stepwise unfolding of hVDACT.

(B) Force-distance (FD) curves recorded during unfolding show force peaks
(arrowheads) that correspond to interactions established by unfolding in-
termediates of hVDAC1. Force variations at low distances are due to unspe-
cific interactions, which occur in the contact area of the AFM tip and the
membrane. Some FD curves lacked individual force peaks indicating missing
unfolding intermediates.

last B strand B19 will be unfolded last, then the force spectrum
could extend to a contour length of at least 240 aa. If, however,
the AFM tip mechanically unfolds hVDAC1 from the C-terminal
end, then the force spectrum would be =20 aa shorter. Thus,
only when the AFM tip preferentially attaches to the N terminus
can the force peak at 253 + 10 aa correspond to the unfolding
of a transmembrane segment of hVDAC1.

On the basis of the determined contour lengths of the unfolded
polypeptide stretches, we then identified the unfolding interme-
diates (Figures 3B and 3C): The first force peak at a contour
length of 15 = 10 aa is caused by the stretching of the flexible
N-terminal domain of hVDAC1 until the o helix together with
the first B strand unfold in a single step. The unfolding event re-
leases the force causing the peak pattern in the FD curve. Sub-
sequently, the chain is further stretched up to the next unfolding
event at 40 + 3 aa, which detects the unfolding of the 8 strand 2,
followed by the force peak at 57 + 3 aa that is caused by the
unfolding of B3. All subsequent unfolding intermediates were
composed of two adjacent B strands. The force peak at 253 +
10 aa was only weakly populated, consistent with a low residual
stabilization of the protein in the membrane after 17 B strands
were already mechanically unfolded.

Kinetic, Conformational, and Mechanical Properties of
hVDAC1

The average force detected in each unfolding step characterizes
the strength of the interaction that stabilizes a structural segment
(e.g., B strand or B hairpin) against unfolding (Figure 3A). On
average, the unfolding of a structural segment of hVDACH1
required forces of ~50-100 pN. However, these unfolding forces
depend on the loading rate, which describes the force applied by
the pulling AFM tip over certain time periods (Evans and Ritchie,
1997; Janovjak et al., 2008). Probing these unfolding forces at
different loading rates allows extrapolation of the lifetime, which
is the reciprocal of the unfolding rate at zero force, kg, the transi-
tion state distance, x,, the kinetic unfolding free energy, AG*, and
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Figure 3. Unfolding Intermediates and Pathways of hVDAC1

(A) Superimposition of 708 FD curves shows the reproducibility of the FD
pattern recorded upon unfolding single hVDAC1 molecules. Colored lines are
worme-like chain (WLC) curves fitting individual force peaks. Numbers denote
contour lengths (amino acids) of the unfolded polypeptide chain obtained from
WLC fits.

(B) Probability of detecting unfolding force peaks at certain contour lengths. To
obtain the histogram, every force peak of every FD curve of the superposition
(n = 708) was fitted with the WLC model and taken into account. The most
probable positions + SD given above each force peak were determined by
multiple Gaussian fits.

(C) Average contour lengths of force peaks (position outlined by rectangles)
locate structural segments of hVDAC1 (equally colored structures) that
unfolded within single steps. B strands and polypeptide loops are numbered.
For reproducibility of the FD pattern, see also Figure S1.

the mechanical spring constant, . To approach the unfolding
forces at different loading rates, we unfolded hVDAC1 at veloc-
ities of 100, 300, 600, 1,200, 2,400, and 5,000 nm s~ " when sepa-
rating the AFM tip from the membrane (Figure S1). From these
FD curves, we extracted the dynamic single-molecule force
spectroscopy (DFS) plots (Experimental Procedures and Fig-
ure S2). By fitting them with the Bell-Evans model (Evans and
Ritchie, 1997; Janovjak et al., 2008), we derived the parameters
that describe the mechanic and kinetic properties of every
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Table 1. Parameters Characterizing the Mechanical and Kinetic Properties of Membrane-Embedded hVDAC1

Xy (nm)? ko(s™)
Peak Position/Structural 25 mM Bis-Tris 25 mM Bis-Tris 25 mM Bis-Tris 25 mM Bis-Tris
Region 25 mM Bis-Tris 5 mM CaCl, 5 mM MgCl, 25 mM Bis-Tris 5 mM CaCl, 5 mM MgCl,
15 aa/N terminus and B1 0.92 £ 0.24 0.89 + 0.27 0.25 + 0.03** (1.8+7.9)10°° (3.1+14)10°° 1.73 £ 0.77*
40 aa/p2 0.78 £ 0.14 0.34 + 0.05** 0.34 + 0.06** (2.3+4.9)107%  0.44 + 0.40* 0.49 + 0.45*
57 aa/p3 0.86 + 0.06 0.48 + 0.06** 0.53 + 0.12** (4.8+4.510*  0.19 +0.15* 0.06 + 0.11
67 aa/p4-B5 0.99 £ 0.15 0.48 + 0.12** 0.45 + 0.04** (2.2 +4.6)10°* (4.4+9.2)102  0.21 +0.12*
93 aa/p6-B7 1.25 £ 0.25 0.83 + 0.28* 0.60 + 0.12** (1.9+6.1)10°° (3.5+14) 1072 0.06 + 0.11
119 aa/B8-p9 0.56 + 0.04 0.49 + 0.02** 0.47 + 0.06** (8.7+4.6)1072  0.19 + 0.06* 0.35 + 0.27*
145 aa/p10-p11 0.94 +0.10 0.80 £ 0.17 0.45 + 0.09** (3.4 +4.0)1073 (8.3+18) 1072 0.49 = 0.54
170 aa/B12-B13 0.54 + 0.04 0.46 + 0.06* 0.45 + 0.05** (9.8+5.1)1072  0.25+0.19* 0.37 + 0.22*
198 aa/p14-B15 0.67 + 0.09 0.36 + 0.05* 0.43 + 0.06** (2.9+3.3)102  1.00 + 0.63** 0.38 + 0.34*
233 aa/B16-p17 0.60 + 0.09 0.71 £ 0.35 0.47 + 0.10* (9.2 +9.4)1072 (3.7 +14) 102 0.39 + 0.45
253 aa/B18-p19 0.61 + 0.07 0.56 + 0.12 1.09 + 0.31* 0.52 + 0.34 0.92 + 0.91 (1.9 + 4.7) 1072+

AG* (kgT) k(Nm™)
Peak Position/Structural 25 mM Bis-Tris 25 mM Bis-Tris 25 mM Bis-Tris 25 mM Bis-Tris
Region 25 mM Bis-Tris 5 mM CacCl, 5 mM MgCl, 25 mM Bis-Tris 5 mM CaCl, 5 mM MgCl,
15 aa/N terminus and B1 31.6 +4.3 31.1+4.8 20.2 + 0.4* 0.31 £ 0.20 0.32 £ 0.24 2.62 + 0.63*
40 aa/p2 26.8 +2.2 21.6 + 0.9 21.4 +0.9* 0.36 + 0.16 1.56 + 0.56™* 1.50 + 0.56**
57 aa/p3 28.4+0.9 22.4 + 0.8 235+ 1.7 0.32 + 0.05 0.80 = 0.21** 0.71 £ 0.37*
67 aa/p4-p5 292 +2.1 239 +2.1* 22.3 + 0.6 0.25 + 0.09 0.85 + 0.50* 0.93 + 0.18**
93 aa/p6-B7 31.6 +3.3 26.4 + 3.9* 235+ 1.7 0.17 + 0.08 0.31 £ 0.26 0.54 + 0.26™*
119 aa/B8-p9 23.2+0.5 22.4 +0.3" 21.8 +0.8™ 0.60 = 0.10 0.79 + 0.08** 0.81 = 0.23"
145 aa/B10-B11 26.4+1.2 255+2.2 214 +£1.1* 0.25 + 0.06 0.33 £ 0.17 0.86 + 0.37**
170 aa/B12-B13 23.1+£0.5 22.1 + 0.8* 21.7 + 0.6** 0.65 + 0.11 0.87 + 0.24* 0.88 + 0.20*
198 aa/p14-B15 243 +1.1 20.7 £ 0.6™ 21.7 £ 0.9 0.44 £ 0.14 1.33 + 0.40* 0.99 + 0.34**
233 aa/B16-p17 23.1+1.0 240+ 4.0 21.7+141 0.53 +0.18 0.39 + 0.45 0.81 £ 0.38
253 aa/B18-p19 21.4+0.6 20.8+1.0 24.7 + 2.5 0.47 £ 0.12 0.55 + 0.26 0.17 £ 0.12**

ko is the unfolding rate at zero force, x, the transition state distance, AG* the kinetic unfolding free energy and  the mechanical spring constant. See

also Figures S1 and S2 and Table S1.

2Parameters were obtained fitting the DFS plots (Figure S2) using Equations 1-3 (see Experimental Procedures) and present averages and SDs.
Differences between hVDAC1 characterized in absence and in the presence of CaCl, or MgCl, were considered significant when p values were
<0.05 (*) and <0.01 (**) from Student’s t tests (Table S1) and the changes did not overlap within their SD.

structural segment of the membrane-embedded hVDAC1 chan-
nel (Table 1 and Table S1).

The width of the energy valley, which stabilizes the folded
structure, can be estimated from the distance, x,, that separates
the folded and transition state toward unfolding (Figure S3).
If a folded structural segment is stabilized by a wider energy val-
ley, it can adopt more conformational states compared with
a segment stabilized by a narrower energy valley (Evans and
Ritchie, 1997; Janovjak et al., 2008). Widening the energy valley
thus allows a structural segment to increase its conformational
variability. Structural segments established by B strands and B
hairpins of hVDAC1 showed transition states ranging from 0.54
to 1.25 nm (Table 1). The transition rate, ko, characterizing their
kinetic stability, ranged from 1.8 x 107°t0 0.52 s~ and the cor-
responding kinetic free energy (AGY) from 21.4 to 31.6 kgT. The
mechanical rigidity, x, of individual B hairpins was as low as
0.17 N m~" and reached at most 0.65 Nm~".

Next, we asked how the kinetic, conformational, and me-
chanical properties vary for individual B strands and B hairpins
of hVDAC1. Table 1 shows that the x, values were lowest

(<0.70 nm) for B hairpins B8-p9, p12-p13, p14-p15, B16-p17,
B18-B19 and highest (>0.90 nm) for § strand B1 and B hairpins
B4-B5, B6-B7, and B10-B11. In addition, x values were lowest
(<0.40 N m~") for B strands B1, B2, and B3, and for B hairpins
B4-p5, p6-p7, and B10-B11, and highest for B hairpins B8-f9,
B12-B13, p14-p15, B16-p17, and B18-pB19. Thus, the N-terminal
region exposes lower mechanical rigidity and occupies a larger
number of conformational states than the rest of the VDAC
B barrel.

Interaction of Ca®* with hVDAC1

Next we questioned whether and where Ca®* interacts with
hVDACT. To localize potential Ca2*-binding sites in hVDACT,
we performed NMR measurements of hVDAC1 solubilized in
detergent. NMR signals constitute excellent probes of complex
formation (Craik and Wilce, 1997). Identification of the interaction
interface is enabled by the resonance-specific assignment of the
backbone signals of hVDAC1, which we had improved to 97%
for the barrel residues (Villinger et al., 2010). Upon addition of
increasing concentrations of Ca2*, amide backbone resonances
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of hVDAC1 were perturbed in a residue-specific manner in 2D
"H,"®N-transverse relaxation optimized spectroscopy (TROSY)
spectra. At 16-fold excess of Ca?* (corresponding to 9.6 mM
Ca?*), changes in peak intensities and chemical shifts were
mostly localized to the N-terminal six B strands, as well as the
linker, which connects the a helix to the B barrel (Figures 4A-
4C). Smaller chemical shift changes occurred for residues A14
and R15 in the N-terminal o helix and the C-terminal B strands
15-B18. To obtain further support for the interaction of divalent
cations with the channel, we probed the influence of Mg?* on
the hVDAC1 spectrum (Figure 4A). Addition of 10 mM Mg®*
perturbed predominantly the NMR signals of residues in the six
N-terminal B strands. The affected regions largely coincided
with patches of negative electrostatic potential (Figure 4D).

Ca?* Decreases Conformational Variability and
Increases Mechanical Rigidity

Having detected that Ca?* can bind to hVDAC1, we wanted to
characterize whether this binding changes the energetic, kinetic,
and structural properties of the channel. To this end, we per-
formed DFS of membrane-embedded hVDACH1 in the presence
of 5 mM Ca®** (Figure S1). The DFS plot of every structural
segment was fitted using the Bell-Evans model (Figure S2) to
approximate their kinetic, energetic, and mechanical proper-
ties (Table 1). The analysis showed that addition of Ca®* consid-
erably changed the mechanical strength and flexibility, as well as
the kinetic and energetic stability of hVDAC1: the x, values,
which characterize the conformational variability of hVDAC1,
decreased by a factor of ~2 for B strands B2 and B3, as well as
the hairpins B4-p5 and B14-B15. In addition, the mechanical
rigidity, as reported by «, increased in the presence of Ca®*
in B strand B2 by approximately a factor of 4 and for 3 and
B14-B15 by a factor of ~3.

Figure 4. Binding of Ca%* to hVDAC1

(A) Changes in the magnitude of >N chemical
shift deviations (CSD) observed in 'H,"®N-TROSY
spectra of hVDAC1 induced by a ~16-fold excess
of Ca®* (black) and Mg?* (cyan). The horizontal line
indicates the average magnitude of the "N CSD
threshold for non-shifting residues. The topology
of hVDAC1 is shown on top.

(B and C) Residues with a magnitude of "®°N CSD
larger than 0.05 ppm (orange) and broadening
below a ratio of 0.8 (red) in (A) were mapped onto
the 3D structure of mMVDAC1 (PDB: 3EMN). Resi-
dues not observable or not assigned are colored
white.

(D) Electrostatic potential, which was calculated in
the absence of a membrane using DelPhi (Li et al.,
2012), is mapped onto the surface of the hVDAC1
structure. A black sphere indicates E73.

Linker

Besides the effect of Ca®* on the
conformational/mechanical flexibility of
the hVDAC1 barrel, we found changes in
the kinetic properties of individual seg-
ments (Table 1 and Table S1). For the B
strands B2 and B3 and the B hairpin f14-
B15, the transition rates increased by fac-
tors of ~191, ~395, and ~34, respectively. Because the lifetime
is the reciprocal of the transition rate, these results show that the
lifetime of some structural segments reduces in the presence of
CaZ*. In addition, the segments that showed an increased tran-
sition rate decreased their kinetic free energy by ~4-6 kgT.

In agreement with the NMR signal perturbation observed upon
addition of Mg?*, the kinetic and mechanic properties of hWVDAC1
also changed in the presence of 5 mM Mg?* (Table 1). Overall
transition state distances decreased, transition rates increased,
the unfolding free energy decreased, and the mechanical rigid-
ity increased. Strong changes were particularly observed for
the N-terminal part of the channel, as well as for B hairpins
$10-B11 and B14-B15. In the presence of Mgz+, the distance
from the transition state was decreased by a factor of ~2 for
these structural segments, the transition rate changed up to
~96,000-fold, and the mechanical rigidity increased up to factor
of ~8. The Mg®*-induced changes were similar to those
observed for hVDAC1 in the presence of Ca®* (Figure 5). How-
ever, the N-terminal domain formed by the o helix and 1 showed
the largest changes among all structural segments in the pres-
ence of Mg?*.

DISCUSSION

Conformational changes determine the function of VDAC,
the gatekeeper of mitochondria (Hiller and Wagner, 2009;
Shoshan-Barmatz et al., 2010a; Song et al., 1998; Teijido et al.,
2012; Thomas et al., 1993; Ujwal et al., 2008; Villinger et al.,
2010). Little is known, however, about the nature of these struc-
tural changes, because the quantitative analysis of conforma-
tional transitions in membrane proteins when embedded into a
lipid bilayer is highly challenging. To overcome these challenges,
we combined single-molecule force spectroscopy with NMR
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Figure 5. Kinetic, Energetic, and Mechanical Properties of Membrane-Embedded hVDAC1 in the Absence and Presence of Ca?* or Mg?*
(A) Top view and (B) side view of the 3D structure of hVDAC1 showing the structural segments stabilizing hVDAC1.

(C-F) Transition state distance x,, (C), free energy barrier height AG* (D), transition rate kq (E), and spring constant  (F) of stable structural segments in the absence
(left) and presence of 5 mM Ca®* (middle) or 5 mM Mg?* (right). The color of the hVDAC1 backbone roughly indicates the value for each parameter as indicated by

the scale bars. Values were taken from Table 1.
See also Figure S3.

measurements. Single-molecule force spectroscopy was used to
quantify molecular interactions and larger interaction networks,
which stabilize different functional states of single hVDAC1 chan-
nels in the absence and presence of Ca®* and Mg?*, while NMR
spectroscopy provided complementary information about the
binding of Ca®* and Mg?* to the hVDAC1 channel.

Our study showed that hVDAC1 preferentially unfolds via inter-
mediates, which are composed of $ hairpins (Figures 2 and 3).
This stepwise unfolding is very different from the almost sponta-
neous force-induced unfolding of the water-soluble B barrel pro-
tein GFP (Dietz and Rief, 2004). When unfolding water-soluble
proteins, the exposure of their hydrophobic core to the hydro-
philic aqueous solution is one of the driving forces leading to
destabilization. Thus, applying a mechanical force to initiate un-
folding is often sufficient to complete their unfolding (Borgia
et al., 2008). In contrast, the anisotropic environment of the lipid
bilayer contributes to the structural stability of a membrane
protein, so that unfolding forces must be repetitively applied until
the entire protein has been unfolded (Hensen and Muller, 2013).
Single-molecule force spectroscopy of membrane proteins can
therefore provide access to a variety of conformational and ki-
netic parameters of individual membrane-embedded structural
segments (Figure S3). This includes the distance x, from the
folded state to the transition state toward unfolding, which ap-
proximates the width of the energy valley that stabilizes the
folded structure. Our analysis revealed that x,, values in hVDAC1

were ~30%-50% larger than those determined for « helices of
most transmembrane proteins (Janovjak et al., 2008), and com-
parison with results for the transmembrane B barrel of OmpG
suggested the same trend (Damaghi et al., 2010). In addition,
we obtained quantitative information about the mechanical rigid-
ity of the hVDAC1 channel, which is comparable with that of
different transmembrane o helices (Kawamura et al., 2013;
Zocher et al., 2012), but is a factor 2-10 below that of the B
strands of the transmembrane B barrel protein OmpG (Damaghi
et al., 2010). In addition, the superimposed force curves re-
corded upon unfolding of hVDAC1 (Figure 3) showed a noise,
which lay above that observed upon mechanically unfolding
the B barrel outer membrane proteins OmpA, OmpG, and FhuA
from Escherichia coli (Bosshart et al., 2012; Sapra et al., 2009;
Thoma et al., 2012). This noise, which indicates small variabilities
among the force curves, further supports that  strands and B
hairpins of hVDAC1 are structurally more variable than those of
bacterial transmembrane B barrels.

Another key finding of our study is that the mechanical proper-
ties strongly vary in different parts of the hVDAC1 barrel, when
the protein is incorporated into its native environment provided
by the lipid bilayer (Figure 5). In particular, the N-terminal part
formed by strands $1-37 and $10-B11 showed lower mechanical
rigidities and populated a higher number of conformational
states. Notably, the enhanced mechanical flexibility in the N-ter-
minal part of the liposome-embedded hVDAC1 barrel correlates
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with the more flexible nature of this region when hVDAC1 was
solubilized in detergent; high-resolution NMR studies showed
that hydrogen/deuterium exchange is more rapid in the N-termi-
nal part of the hVDAC1 barrel, indicating that the hydrogen
bonds, which connect the B strands, are less stable (Bayrhuber
et al., 2008; Villinger et al., 2010). In addition, extensive micro-
to millisecond dynamics were detected in the N-terminal
B strands of detergent-solubilized hVDAC1 (Bayrhuber et al.,
2008; Villinger et al., 2010), consistent with a higher number
of conformational states detected by single-molecule force
spectroscopy. Because lipid bilayer measurements showed
that several residues in the N-terminal part of the VDAC barrel
are important for gating (Thomas et al., 1993), our results further
suggest that a high conformational entropy and low mechan-
ical rigidity in the N-terminal B strands play a crucial role for
VDAC gating. In addition, our study highlights the potential of
combining NMR spectroscopy with single-molecule force spec-
troscopy. While NMR spectroscopy can characterize the flexi-
bility of membrane proteins on a wide range of timescales,
particularly when solubilized in detergent, and thus provide
insight into fast and slow structural processes, single-molecule
force spectroscopy directly quantifies the underlying forces. As
such, single-molecule force spectroscopy of membrane proteins
can provide information complementary to solid-state NMR
spectroscopy.

Mutation studies and photoreactive crosslinking suggested
that hVDAC1 contains at least two Caz*-binding sites, which
involve glutamate residues at position 73 and 203 (Israelson
et al., 2007), while a Ca®* ion was complexed by two E73 side
chains in the asymmetric dimer in the crystal structure of mouse
VDAC1 (Ujwal et al., 2008). In addition, molecular dynamics
simulations and Poisson-Boltzmann calculations suggested a
preferred localization of monovalent cations at the N-terminal
B strands inside the pore (Choudhary et al., 2010; Rui et al.,
2011). Using NMR spectroscopy, we showed that Ca®* ions,
as well as Mg®* ions, bind with low affinity to hVDAC1 (Figure 4).
In particular residues located in the N-terminal five B strands
were perturbed in the presence of Ca®* ions, in agreement with
the observation made by single-molecule force spectroscopy
that Ca®* and Mg?* strongly increase the mechanical flexibility
of this functionally critical region of the hVDAC1 channel (Table
1). Notably, solid-state NMR spectroscopy of hVDAC1 reconsti-
tuted into liposomes has identified several structural features
including the N-terminal o« helix (Bauer et al., 2011; Eddy et al.,
2015; Schneider et al., 2010; Zachariae et al., 2012), which is in
agreement with the 3D structure of hVDAC1 determined in deter-
gent (Bayrhuber et al., 2008; Hiller et al., 2008) and indicates that
hVDAC1 embedded in the membrane exists in a properly folded
conformation.

High concentrations of Ca?* and Mg?* strongly increased the
conformational stability of the N-terminal part of the hVDACH1
channel (Figure 5). This change in the molecular plasticity can
either be caused by direct binding of Ca®* to the channel, as sup-
ported by NMR spectroscopy, crosslinking studies (Israelson
et al., 2007), and crystallography (Ujwal et al., 2008), or be a
consequence of the influence of divalent ions on the molecular
properties of lipid bilayers (Pabst et al., 2007; Petrache et al.,
2006). For example, localization of Ca®* at the water/lipid inter-
face (Bockmann and Grubmuller, 2004) can change the rigidity

of the lipid bilayer and thus modulate the number of conforma-
tional states sampled by hVDAC1. Notably, transient Ca®* pulses
with high local concentrations, so-called Ca®* microdomains
(Rizzuto and Pozzan, 2006), might be important, because phys-
iological steady state concentrations of Ca2* in the cytosol are in
the sub-micromolar range (Bathori et al., 2006). In addition, even
low Ca2* concentrations can influence VDAC’s molecular plas-
ticity through Ca®*-mediated dimerization (Guo et al., 1995; Hoo-
genboom et al., 2007; Mannella, 1982; Ujwal et al., 2008; Zalk
et al., 2005). Because both mitochondrial Ca?* overload and
oligomerization of VDAC1 have been related to the induction of
apoptosis (Crompton, 1999; Keinan et al., 2010; Shoshan-Bar-
matz et al., 2010b), our data suggest a possible connection of
the two mechanisms.

In summary, we showed that the molecular plasticity of human
VDAC exceeds that so far observed of other transmembrane
B barrel proteins, with Ca®*, a key regulator of metabolism and
apoptosis, strongly decreasing its plasticity. In vivo, however,
other proteins such as the 18 kDa translocator protein TSPO
(Gut et al., 2015; Jaremko et al., 2014), which is found in large
complexes together with VDAC (Gatliff et al., 2014), might further
alter the conformational variability and thus the function of
VDAC.

EXPERIMENTAL PROCEDURES

Expression and Reconstitution of hVDAC1

Expression, refolding, and purification of hVDAC1 was done as previously
described (Engelhardt et al., 2007). The utilized plasmid showed the insertion
of three additional amino acids (RGS) between the N-terminal methionine
and the second residue of the hVDAC1 sequence (final N terminus,
TMRGSAVPPTY%) and of two amino acids (aa) at the C terminus (RS), prolong-
ing the sequence to 288 amino acids. For better folding properties (Bayrhuber
et al., 2008), a Hise-tag was present at the C terminus. For reconstitution into
dimyristoylphosphatidylcholine (DMPC) liposomes, the protein was trans-
ferred into reconstitution buffer (25 mM Bis-Tris [pH 6.8], 100 mM NaCl,
0.3% lauryldimethylamine-N-oxide [LDAQ]) using a desalting column. To
form a lipid film, DMPC was dissolved in methanol/chloroform (1/1) and dried
in a nitrogen stream followed by lyophilization to remove any organic solvents.
Liposomes were generated after addition of reconstitution buffer to the film by
sonication for 3 x 10 min in an ice-cooled sonication bath at 100% intensity
settings. The protein in reconstitution buffer was added to the liposomes
at a final protein/DMPC ratio of 1/50 (mol/mol). After incubation for 1 hr at
room temperature, the detergent was removed with Calbiosorb resin (Calbio-
chem) at aratio of 1 g resin/33 mg LDAO by incubation on a tilting shaker. After
5 hr of incubation, the mixture was loaded onto a sintered glass funnel. The
liposomes were collected in the flow through and by washing the resin with
detergent-free reconstitution buffer. The liposomes were pelleted by ultracen-
trifugation at 109,000 x g and washed twice with 25 mM Bis-Tris (pH 6.8).
Finally the liposome pellet was re-dissolved in 25 mM Bis-Tris (pH 6.8), at a
theoretical protein concentration of 1 mg mi~".

AFM Imaging

For AFM imaging, hVDAC1 membranes were adsorbed to freshly cleaved mica
(=30 min) in buffer solution (pH 6.8, 25 MM Bis-Tris-HCI). Loosely attached
membranes were washed off with the same buffer solution. AFM topographs
were recorded in the same buffer solution and at room temperature (24°C) us-
ing contact mode. To conduct AFM experiments in the presence of divalent
ions, 5 mM CaCl, or 5 mM MgCl, was added to the buffer. The AFM (Nano-
scope lle; di-Veeco) was equipped with a fluid cell and oxide-sharpened
SisN4 cantilevers (OMCL TR400PSA; Olympus) having nominal spring
constants of =0.09 N m~". High-resolution topographs were recorded at a
minimal contact force of =50-100 pN, which was manually adjusted to
compensate for thermal drift (Muller and Engel, 2007). Proportional and
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integral gains were adjusted to minimize the error (deflection) signal and to
maximize the topographic signal. When approaching a lateral resolution
of =2 nm, the scanning speed of the AFM tip was between 0.5 and
1.5 um s~ . Only topographs showing identical structural features in both trace
and retrace scanning directions were selected for further analysis. Topographs
displaying any kind of AFM tip artifacts were not analyzed.

Single-Molecule Force Spectroscopy

After AFM-based localization of hVDAC1 in membranes, the AFM cantilever tip
was pushed onto the hVDAC1 membrane applying forces =500-750 pN for
=500 ms. Then, the AFM tip was retracted at a defined velocity (given in the
figures) while recording an FD curve (Muller and Engel, 2007). FD spectra
were recorded from densely packed hVDAC1 (Figure 1). For single-molecule
force spectroscopy, we used 60-um-long cantilevers (Biolevers; Olympus);
spring constants (=0.03 N m~") were calibrated from thermal noise analysis
(Butt and Jaschke, 1995) before and after each experiment. To minimize errors
that may occur due to uncertainties in the cantilever spring constant calibra-
tion, hVDAC1 was unfolded using at least five different cantilevers for each
pulling velocity. DFS was conducted at constant pulling velocities of 100,
300, 600, 1,200, 2,400, and 5,000 nms~".

Single-Molecule Force Spectroscopy Data Selection and Analysis

In our single-molecule force spectroscopy experiments, we pushed the
AFM tip onto hVDACH1 to facilitate the unspecific adhesion of the polypep-
tide of the protein (Muller and Engel, 2007). Thus, in principle every region
of the polypeptide of hVDAC1 exposed to the AFM tip could adhere to
the tip. For simplicity, we wanted to analyze only experiments that recorded
the unfolding of hVDAC1 into the fully unfolded and stretched state. To
reach this fully extended and unfolded state, the AFM tip must have
adhered to one of the terminal ends of hVDAC1. The fully stretched hVDAC1
protein (294 residues including a Hisg-tag) is ~106 nm long (assuming an
average length of 0.36 nm per aa). For analysis, we thus automatically
selected only FD curves that were >75 nm long. By this criterion, 2,168
(0.26%) out of a total of 820,649 recorded FD curves were selected for
further analysis using the WLC model as described (Muller and Engel,
2007; Bippes and Muller, 2011).

Parameters characterizing the unfolding energy barrier of the structural
segments that stabilize hVDAC1 were estimated from DFS plots as described
(Janovjak et al., 2008). Briefly, the loading-rate (r) dependency of the most
probable unfolding force (F*) was analyzed from DFS plots using Equation 1
(Evans, 1998; Evans and Ritchie, 1997),

F* = (kgT/xy) In(xur’ksTko), (Equation 1)

where kg is the Boltzmann constant and T is the absolute temperature. x, and
ko were estimated by fitting DFS data to Equation 1 by non-linear regression.
The height of the free energy barrier was estimated using the Arrhenius
equation,

AG! = —kgT In(rako), (Equation 2)

where the Arrhenius frequency factor 1/7, describes the diffuse relaxation time
of a structural segment. 7o was set at 10 °%s (Bieri et al., 1999; Grater and
Grubmuller, 2007). The mechanical spring constant of a structural segment
(k) was estimated using Equation 3 (Janovjak et al., 2008),

k = 20GY/x, 2. (Equation 3)

NMR Spectroscopy
NMR spectra were recorded on samples containing 0.45-0.6 mM
2H(75%)-"°N labeled hVDAC1 in 25 mM Bis-Tris (pH 6.8), approximately
130 mM lauryldimethylamine-oxide, and 5%-10% (v/v) D,O. All spectra
were measured at 37°C on Bruker 800 or 900 MHz spectrometers equipped
with cryogenic probes. Spectra were processed using NMRPipe (Delaglio
et al., 1995) and analyzed with SPARKY (Goddard and Kneller, 2006).
Interaction of hVDAC1 with MgCl, and CaCl, was investigated by titration of
hVDAC1 with the respective salt from a stock solution. 2D 'H,'®N-TROSY
spectra (Pervushin et al., 1997) were recorded to follow '®N and 'H chemical
shift changes and variations in peak intensities. Severely overlapping reso-

nances were excluded from the analysis. Normalized weighted average chem-
ical shift deviations (CSD), A3y, were calculated as

A = /(AéN/5)22+ (40n)? ’

where Ady and Ady are the chemical shift differences for the N and "H dimen-
sions, respectively. Chemical shift and intensity changes were mapped onto
the crystal structure of mVDAC1 (PDB: 3EMN) and visualized using PyMOL
(DelLano, 2003). Errors in CSD were estimated by duplicate measurements
of a sample with typical protein concentration and signal-to-noise ratio and
are given as average values (0.014 ppm for "N CSD, 0.0028 ppm for the
average CSD).

(Equation 4)
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Figure S1, relates to Figure 3 and Table 1. Superimposition of FD curves recorded upon
unfolding of hVDAC1 in the absence and in the presence of calcium or magnesium. Buffer
conditions, pulling velocities, and number (n) of superimposed FD curves are indicated.
Every superimposed FD curve has been recorded upon unfolding of a single hVDAC1
channel. The gray scale bar on the right allows the evaluation of events of high (black), lower
(gray), and no (white) occurrence. Single-molecule force spectroscopy was recorded in
buffer solution (25 mM BisTris, pH 6.8) and as indicated in the absence or in the presence of
5 mM Ca*" or 5 mM Mg?*.
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Figure S2, relates to Table 1. Dynamic single-molecule force spectroscopy (DFS) plots
reveal loading rate dependent interactions stabilizing the structural segments of hVDAC1.
For each stable structural segment of hVDAC1 the most probable unfolding force was
determined from the raw data (Figure S1) and plotted against the loading rate (Experimental
Procedures). The fits of the experimental data (solid lines) using Eq. 1-3 are shown for
hVDAC1 unfolded in the absence of divalent ions (red), 5mM Ca** (blue), or 5 mM Mg**
(green). Values for x, and ko obtained from fitting the DFS plots are given in Table 1. Error
bars represent the standard error of most probable force and loading rate.
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Figure S3, relates to Table 1 and Figure 5. Schematic of an energy barrier stabilizing a
structural segment of hVDAC1 against unfolding. The folded state of a structural segment
(e.g., for example a B-hairpin in case of hVDAC1) is separated from the unfolded state by a
free energy barrier. In the absence of an externally applied force (i.e., at equilibrium) the
folded structure can unfold at a certain transition rate (k). To unfold the structure must
overcome the transition state (#). x, characterizes the distance from the folded state to the
transition state. The height of the unfolding free energy barrier separating the folded state
from the unfolded state is given by AG*. This barrier, which is given by the free energy
difference of the folded state and the transition state, therefore characterizes the activation
free energy of unfolding. According to the Bell-Evans model (Bell, 1978; Evans, 1998; Evans
and Ritchie, 1997), an externally applied force (F) tilts the energy landscape by the
mechanical energy (-F(cosO)x) and lowers the free energy barrier (AGi) to AGy. Lowering of
the free energy barrier is described by the mechanically applied pulling direction x and the
angle 6 of the externally applied force (F).



Table S1, relates to Table 1. Significance tests of the parameters characterizing the energy
barrier parameters x,, ko, and AG' and the spring constant K of the stable structural

segments detected for hVDAC1 in different buffer solutions. Shown are P-values revealed
from T-student tests of the parameters given in Table 1.

Force peak Ca”* vs control Ca”* vs control Ca”* vs control Ca”* vs control
position / . X, Ky AG* «
Structural region

15 aa / N-terminus | 8.63225 10" 8.62419 10" 8.51244 10" 9.22322 107"
&R1

40 aa /B2 3.05692 107 2.19535 1072 2.68579 107 5.3541 107"
57 aa/R3 4.34067 1077 1.09213 107 274325107 3.0973110™
67 aa / R4-R5 6.22929 107 2.69795 107" 1.4011 107 1.53124 107
93 aa / R6-R7 2.1159 107 5.46752 107" 3.0968 107 2.16478 107"
119 aa / R8-R9 1.47059 107 7.08056 107 1.06767 107 4.99555 10°°
145 aa / R10-R11 1.04417 107 5.36127 107" 4.01567 107" 2.76425 107"
170 aa / R12-R13 1.51198 107 8.58459 10~ 3.10518 1072 7.42127 1072
198 aa / R14-R15 1.76505 10~ 3.52599 107 5.28258 107 4.62344 107
233 aa / R16-R17 4.59109 107" 4.57097 107" 5.99544 107" 4.92486 107"
253 aa / R18-R19 3.77248 107" 3.42859 107" 2.71483 107" 5.24156 107"

Force peak at

2
Mg** vs control

2
Mg** vs control

2
Mg** vs control

2
Mg** vs control

contour length +

(o) g Xu k, AG K
15 aa / N-terminus | 4.62349 107 2.65949 107" 6.71793 107° 6.15288 10™°
&R1

40 aa /B2 3.58609 107 2357471072 232124107 7.1667 107
57 aa/R3 9.48356 10~ 1.94398 107 1.35225 107 2.83095 1072
67 aa / R4-R5 4.8247110°° 1.60301 107 1.69816 10~ 8.70332 10°°
93 aa / R6-R7 1.67672 107 1.81281 107" 3.16225 107 7.60199 107
119 aa / R8-R9 8.89912 10°° 3.84503 1072 4.15668 10°° 6.70167 1072
145 aa / R10-R11 4.37276 10°° 4.88016 10 1.7925110°° 2.63014 107
170 aa / R12-R13 4.1602 107 1.25082 107 1.7947 107 3.21037 107
198 aa / R14-R15 2.3926 107 2.90302 1072 1.33695 107 4.2557510°°
233 aa / R16-R17 3.60765 1072 1.4135107" 4.34655 107 1.36833 107
253 aa / R18-R19 4.43563 10°° 4.46661 10°° 9.94509 10°° 1.51084 107
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