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ABSTRACT The protein that forms the voltage-gated channel VDAC (or mitochondrial porin) has been purified from
Neurospora crassa. At room temperature and pH 7, the circular dichroism (CD) spectrum of VDAC suspended in octyl
B-glucoside is similar to those of bacterial porins, consistent with a high B-sheet content. When VDAC is reconstituted into
phospholipid liposomes at pH 7, a similar CD spectrum is obtained and the liposomes are rendered permeable to sucrose.
Heating VDAC in octyl B-glucoside or in liposomes results in thermal denaturation. The CD spectrum irreversibly changes to
one consistent with total loss of B-sheet content, and VDAC-containing liposomes irreversibly lose sucrose permeability.
When VDAC is suspended at room temperature in octyl 8-glucoside at pH <5 or in sodium dodecyl sulfate at pH 7, its CD
spectrum is consistent with partial loss of B-sheet content. The sucrose permeability of VDAC-containing liposomes is
decreased at low pH and restored at pH 7. Similarly, the pH-dependent changes in the CD spectrum of VDAC suspended in
octyl B-glucoside also are reversible. These results suggest that VDAC undergoes a reversible conformational change at low

pH involving reduced B-sheet content and loss of pore-forming activity.

INTRODUCTION

A voltage-dependent anion-selective channel, VDAC, is a
major protein component in the mitochondrial outer mem-
brane, probably forming the main pathway for the move-
ment of ions and metabolites across this membrane (Co-
lombini, 1979). Electron microscopic studies of two-
dimensional crystals of fungal VDAC indicate that the pore
diameter is 2.5-3 nm (Mannella et al., 1989; Guo et al.,
1995), consistent with the functional properties of the open
channel (Mannella et al., 1992; Colombini, 1994). When it
is reconstituted in planar bilayers, VDAC usually occupies
its fully open state at small transmembrane potentials and
switches to lower-conductance substates when potentials
exceed 20-30 mV in either direction. The conductance
transitions usually observed correspond to partial (approx-
imately two-thirds) closure of the pore. There are several
indications that the less-permeable substates of VDAC may
be physiologically relevant. In particular, gating proper-
ties are highly conserved and are modulated by endoge-
nous mitochondrial components, NADH (Zizi et al.,
1994) and a protein fraction isolated from the space
between the inner and outer membranes (Holden and
Colombini, 1993). The voltage dependence of the chan-
nel is also affected by pH (Bowen et al., 1985; Mirza-
bekov and Ermishkin, 1989), group III metal hydroxides
(e.g., aluminum; Dill et al., 1987), and anionic polymers
(Colombini et al., 1987). Incubation of isolated mito-
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chondria with one such polyanion has been shown to
diminish ATP uptake by mitochondria (Benz et al., 1988)
and VDAC-containing liposomes (Colombini et al.,
1987), suggesting that VDAC may regulate the mito-
chondrial influx and efflux of important metabolites.

The VDAC channel is formed by a single copy of a
polypeptide of ~280 amino acids that is encoded by nuclear
DNA and synthesized on cytoplasmic ribosomes. VDAC
apparently binds to a protease-sensitive receptor on the
outer mitochondrial membrane (Pfaller and Neupert, 1987),
but little is known about subsequent steps of membrane
insertion and pore formation. The occurrence in the VDAC
polypeptide of numerous segments of alternating polar~
nonpolar residues led Forte et al. (1987) to propose that the
polypeptide might fold as an amphiphilic B-sheet. If the
B-sheet is twisted into a cylinder, the resulting B-barrel
could form a pore with a hydrophilic inner lumen and a
lipophilic exterior. The existence of B-barrel pores was
confirmed several years later by x-ray crystallography of
bacterial porins (Weiss et al., 1990; Cowan et al., 1992), a
class of proteins in the outer envelopes of gram-negative
bacteria that, like VDAC, form large-conductance ion chan-
nels. In fact, VDAC is commonly referred to as a mitochon-
drial porin, despite the absence of overall sequence homol-
ogy with bacterial porins. Mannella et al. (1996) recently
demonstrated that amino acid sequences of VDAC from
different species contain numerous matches with a short
(11-residue) motif found by the Gibbs sampler to corre-
spond to transmembrane B-strands in bacterial porins (Neu-
wald et al., 1995). Images of fungal VDAC provided by
electron crystallography (Mannella et al., 1989; Guo et al.,
1995) are consistent with a B-barrel slightly wider than that
of bacterial porin but have insufficient resolution to distin-
guish secondary structure.



Shao et al.

Here the circular dichroism (CD) spectra of purified
fungal VDAC in detergent suspension are reported and
compared with those of bacterial porins. Correlations are
drawn between changes in the CD spectrum of detergent-
solubilized VDAC and in the pore-forming activity of
VDAC reconstituted in liposomes that are induced by vary-
ing temperature and pH. The results provide the first direct
experimental information about the secondary structure of
this pore-forming protein and indicate that the protein un-
dergoes a reversible conformational change at low pH.

MATERIALS AND METHODS
Materials

Hydroxylapatite (fast flow), lauryl dimethylamine oxide (LDAO), octyl
B-glucoside (B-OG), and egg yolk L-a phosphatidyl choline were obtained
from Calbiochem (La Jolla, CA), and egg lectin phosphatidic acid from
Avanti Polar Lipids, Inc. (Alabaster, AL). All other chemicals were ob-
tained from Sigma Chemical Co. (St. Louis, MO). Solutions were made
with deionized water (Milli-Q system, Millipore Corp., Bedford, MA).

Purification of VDAC

Mitochondria were isolated from liquid cultures of wall-less Neurospora
crassa protoplasts (FGSC 326) by procedures described by Mannella
(1982). The protocol for purification of VDAC from these mitochondria
(described in the next paragraph) is based on one developed for bovine-
heart mitochondria by De Pinto et al. (1989). Protein concentrations of
mitochondrial suspensions were measured by the BCA method (Pierce,
Rockford, IL) with 0.2% B-OG or 0.1% LDAO and with bovine serum
albumin as the standard. All steps were done at 4° unless otherwise
indicated.

Twenty volumes of 2X Buffer A (4% LDAO, 20 mM Tris*HCl, 2 mM
sodium EDTA, pH 7.0) were added slowly with continuous stirring to a
suspension of N. crassa mitochondria containing 15-mg mitochondrial
protein/mL of isolation medium, up to a total of 30 mg mitochondrial
protein. The clarified mitochondrial suspension was stirred gently for 30
min and centrifuged at 15,000 rev/min for 1 h in an SS34 rotor (Beckman
Instruments, Palo Alto, CA). The supernatant, which contained the bulk of
the mitochondrial protein, was reduced to 10-mL maximum volume (as
needed) by centrifugation in a Centricon 30 tube (Amicon, Beverly, MA)
and loaded on a 16-mm-diameter column containing 9 g of a 2:1 mixture
of hydroxylapatite/celite, prewashed with Buffer A. After loading, the
column was washed extensively with Buffer A, and VDAC was eluted with
Buffer A containing 50 mM KCI. Procedures were done on a Waters model
650 Advanced Protein Purification System (Millipore Corp.), and a Lamb-
da-Max model 481 spectrophotometer (Millipore Corp.) was used to mon-
itor A,g, during elution.

Eluted VDAC fractions were pooled (total volume 7.5-10 mL), con-
centrated by centrifugation in Centricon 30 tubes to a volume of ~1 mL
(containing typically 50-250 ug protein/mL), and stored at —20°. For
detergent exchange, the protein in aliquots of this suspension was precip-
itated by slowly adding 5 volumes acetone (—20°), gently shaking for 1 h,
and centrifuging for 30 min at 14,000 X g (Model 5402 microfuge,
Brinkman Instruments, Westbury, NY). The protein pellet was washed
with 1-mL cold acetone, repelleted, and resuspended in appropriate deter-
gent-containing buffers. Residual acetone was evaporated by gently shak-
ing the open tubes for 1 h.

Gel electrophoresis and western blotting

Protein fractions were precipitated with cold acetone (as above) and
electrophoresed on 13.5% polyacrylamide slab gels by use of buffers
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containing 1% sodium dodecyl sulfate (SDS) (Laemmli, 1970) with the
Mini-Protean 1 system (Bio-Rad Laboratories, Hercules, CA). The pro-
teins in the gels were either visualized by silver staining (Bio-Rad) or
electrotransferred with the Mini-Trans-Blot system (Bio-Rad) to nitrocel-
lulose membranes (0.45 um, Bio-Rad). Electrotransfer and immunoblot-
ting were done as described by Stanley et al. (1995) using antibodies
directed against residues 1-20 of fungal VDAC, provided by S. Stanley of
the Division of Molecular Medicine, the Wadsworth Center, Albany, NY.

Amino-acid composition and
protein determination

Purified VDAC (13.5 ug) in TE buffer (10 mM Tris, ] mM sodium EDTA,
pH 7.0) containing 2% B-OG (2% B-OG/TE) was acid hydrolyzed, and its
amino-acid composition was determined by the Wadsworth Center’s Pro-
tein Biochemistry Core Facility by use of a Beckman System Gold ana-
lyzer. A molecular weight of 29,979 (Kleene et al., 1987) was used to
determine amino acid stoichiometries. The concentrations of two pure
VDAC fractions obtained from amino-acid analysis as described above
were used as references to calibrate the absorbance of VDAC in 2%
B-OG/TE in the wavelength range 184-260 nm. Ultraviolet absorbance
spectra were subsequently used to determine the concentrations of VDAC
in similar suspensions.

Reconstitution of VDAC into
phospholipid vesicles

VDAC was reconstituted into small unilamellar vesicles (SUVs) by mod-
ifications of freeze-thawing procedures described elsewhere (Colombini,
1980; Bathori et al., 1993). Phospholipids (36 mg egg yolk L-a phosphati-
dyl choline and 4 mg egg lectin phosphatidic acid in chloroform) were
vortexed, coated onto a glass tube, and dried under nitrogen for 1 h. After
resuspension in 1-mL TE buffer and a few minutes of vortexing, the
suspension was sonicated to clarity (10-20 min, Ultrasonic cleaner, Bran-
sonic Ultrasonics Corp., Danbury, CT) to yield the stock SUV suspension.
Three types of VDAC-reconstituted liposome were made from this stock
SUV suspension for different applications:

Type A liposomes (swelling assays): An aliquot of the stock SUV
suspension was mixed with 12 volumes of 1% B-OG/TE and 2 volumes of
a suspension of 20 ug/mL VDAC in 2% B-OG/TE. The resulting suspen-
sion was diluted with 3 volumes of the stock SUV suspension and sub-
jected to three rapid cycles of freeze—thawing (with dry ice/alcohol). The
resulting cloudy, viscous suspension contained 30 mg/mL phospholipid,
0.60 pg/mL VDAC (i.e., 20 ng VDAC/mg lipid), and 0.27% B-OG.
Variations in this procedure included decreasing the final VDAC concen-
tration (to 0.3-0 ug/mL) and using detergents other than B8-OG (LDAO,
SDS, or Triton X-100). Other controls involved using bovine serum albu-
min (final concentration, 0.84 pg/mL) instead of VDAC.

Type B liposomes (circular dichroism): The stock SUV suspension was
diluted with 1.5 volumes of TE buffer, and the resulting suspension was
mixed with an equal volume of a suspension of 160 ug/mL VDAC in 2%
B-OG/TE. This suspension was subjected to three freeze-thaw cycles (as
above) and rapidly diluted into 3 volumes of TE buffer. The resulting clear
suspension contained 1.5 mg/mL phospholipid, 20 ug/mL. VDAC (.e.,
13.3 ug VDAC/mg lipid), and 0.25% B-OG.

Type C liposomes (patch clamping): Ten volumes of VDAC-containing
type B liposomes were mixed with 1 volume of the stock SUV suspension,
and the mixture was subjected to three freeze-thaw cycles. The resulting
suspension of larger but more dilute vesicles contained 5 mg/mL phospho-
lipid, 18 pg/mL VDAC (i.e., 3.6 ug VDAC/mg lipid), and 0.23% B-OG.

Liposome-swelling assays

0.5-5 pL of type A liposomes were diluted to 40 L with TE buffer and
mixed by vortexing. (This and all subsequent steps were done at room
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temperature unless otherwise indicated.) The suspension was mixed well
with 1 mL of TE buffer in a 1-cm path-length cuvette, and the turbidity was
measured as A, with a DU640 spectrophotometer (Beckman). After a
stable baseline was recorded for ~5 min, 80 uL TE buffer was added to
calibrate the effect of dilution. After another 5 min, 80 uL of 1 M sucrose
(in TE buffer) was added to induce liposome shrinkage (increased A o),
which would be followed by reswelling (decreased A,q,) if functional
VDAC were present. Type C liposomes (16 uL) were also used to
determine the effect of significantly larger protein:phospholipid ratios on
the osmotic behavior of the liposomes. In general, reported experiments
were done on at least two different days with different liposome prepara-
tions, with equivalent results obtained.

In experiments to determine the effects of elevated temperatures on
VDAC function, 5-uL aliquots of type A liposomes were incubated for
several minutes at 45-100° before or after mixing with 35 uL of TE buffer.
These specimens were cooled to room temperature for at least 1 h before
they were added to 1 mL of TE buffer for the light scattering experiments.

In experiments involving pH variations, 5-uL type A liposomes were
diluted with 35 uL of 10 mM CAPS (pH 9-11) or 10 mM citrate (pH 5-3)
buffers. Following incubation for at least 2 h, the suspensions were added
to 1 mL of the same buffer for light-scattering experiments. To check
reversibility of the result obtained at pH 3, KOH was gradually added to the
liposome suspension until pH 6 was reached and the light-scattering
experiment was repeated.

Patch-clamping experiments

The electrophysiological characteristics of purified VDAC were deter-
mined by voltage clamping of membrane patches excised from type C
liposomes with glass microcapillary pipettes. Experiments were done in a
symmetrical buffer (0.15 M KCl, 5 mM HEPES, pH 7.4), using procedures
described by Kinnally et al. (1993). Voltage-clamp conditions were main-
tained with a model 3900 or 8900 amplifier (Dagan, Minneapolis, MN).
Current and voltage data were digitized with a Neurocorder DR390 (Neu-
roData, New York, NY) and stored on video tape. Current data subse-
quently were low-pass filtered to 2 kHz and analyzed with Strathclyde
Electrophysiological Data Analysis software (courtesy of J. Dempster,
University of Strathclyde, UK). Open probabilities of channels were cal-
culated as the ratio of time spent in open current levels over the total time
(usually 30-60 s) as determined from total amplitude histograms.

Circular dichroism spectroscopy

Far-ultraviolet CD spectra of VDAC were measured at 25° with a J-720
spectropolarimeter (Jasco, Easton, MD) by use of quartz cuvettes of
0.05-cm path length (0.25-mL volume) in a temperature-controlled holder.
Spectra were corrected for background by subtraction of spectra of iden-
tical suspensions without VDAC. Mean residue molar ellipticities, 8 (deg
cm~2 dmol™'), were calculated based on protein concentrations deter-
mined as described above; a mean residue molecular weight of 106 was
used.

The same VDAC fractions were used for CD as for the liposome
swelling and bilayer experiments. All experiments reported were done at
least twice on different protein preparations, with the experiments reported
in Figs. 4-6 below done on the same protein fraction (i.e., one whose
protein concentration was determined by amino-acid analysis as described
above). Protein was acetone precipitated (as described above) from pooled
column fractions and resuspended in TE buffer containing the indicated
final concentrations of detergent (usually 2% B-OG) and indicated chem-
icals (salts, effectors, etc.). CAPS and citrate buffers were used to vary pH,
as for the liposome swelling experiments. In some experiments, VDAC
suspensions were heated for several minutes, then returned to 25° for at
least 30 min before spectra were recorded.

Estimates of the secondary structure of VDAC based on CD spectra in
2% B-OG/TE were computed by two different algorithms: the variable-
selection, single-value decomposition method of Manavalan and Johnson
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(1987) and the least-squares method of Yang et al. (1986). Reference
spectra used with the variable-selection, single-value decomposition pro-
gram were those of proteins with low to moderate a-helical content
selected from among the 26 reference spectra provided with the program.
The reference spectra used with the least-squares program were fixed (i.e.,
no selection was allowed).

RESULTS

Purification and biochemical characterization
of VDAC

Following solubilization of fungal mitochondria with 4%
LDAO, VDAC was found to bind to hydroxylapatite col-
umns in low-salt buffer and to elute with 50 mM KCl,
similar to the behavior of the mammalian protein (DePinto
et al., 1989). As shown in Fig. 1, early fractions eluted with
50 mM KCl displayed a single major band in SDS-poly-
acrylamide gels at the M, expected for VDAC (near 31,000),
sometimes accompanied by a minor band at slightly higher
M_. Both bands were labeled in western blots by antibody
against the amino terminus of fungal VDAC (Fig. 1), indi-
cating that both correspond to VDAC. [Similar weak, slow-
er-migrating VDAC bands are also observed in immuno-
blots of fungal mitochondria (Stanley et al., 1995) and may
correspond to VDAC molecules with bound endogenous
lipid, as observed with bacterial porins (Holzenberg et al.,
1989)]. A second, minor, band also sometimes occurred at

1 2345

FIGURE 1 SDS-polyacrylamide gel electrophoresis and immunobliot-
ting of VDAC isolated from N. crassa mitochondria. (1) Western blot of
VDAC fraction eluted from hydroxyapatite column, probed with an anti-
body against the amino terminus of VDAC. (2-5) Silver-stained gel run
with (2) the same VDAC fraction as for (/), (3) LDAO-solubilized mito-
chondrial protein fraction, (4) total mitochondrial protein, (5) molecular
weight markers (band at 31,000 indicated).
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the dye front on these gels (M, = 14,000). This band was
not labeled by anti-VDAC antibody and disappeared after
routine concentration of the pooled fractions by centrifuga-
tion in Centricon 30 tubes.

Further confirmation that this protein fraction contains
VDAC was provided by amino-acid analysis. As indicated
in Table 1, the amino-acid composition is very close to that
expected from the cDNA sequence of fungal VDAC
(Kleene et al., 1987).

By use of this simple purification procedure, as much as
250 ug of pure VDAC could be obtained from 30-mg total
mitochondrial protein, representing a yield of more than
0.8%, which compares favorably with yields obtained by
other methods, e.g., less than 0.5% by Freitag et al. (1982).

Functional properties of purified VDAC

The purified VDAC fraction was reconstituted into phos-
pholipid liposomes (as described in Material and Methods)
and characterized by osmotic swelling and patch-clamping
assays.

Liposome swelling

Type A liposomes, which contain ~20 ng VDAC/mg phos-
pholipid, showed a characteristic biphasic response to ad-
dition of hyperosmotic sucrose: rapid shrinkage correspond-
ing to fast efflux of water followed by a slower swelling
phase (Fig. 2, curve a). The same liposomes prepared with-
out VDAC, or with BSA (28 ng/mL phospholipid) instead
of VDAC, or with thermally denatured VDAC (Fig. 2, curve
b; see below), exhibited larger-scale osmotic shrinking and
no reswelling. This is consistent with VDAC forming pores
permeable to sucrose, which would reduce the initial os-
motic response of the vesicles and allow subsequent equil-
ibration of the sucrose concentrations inside and outside the

TABLE 1 Amino-acid analysis of VDAC fraction

Amino acid Measured Expected*
Aspartic acid 30 33
Threonine 21 26
Serine 19 20
Glutamic acid 20 16
Proline 8 7
Glycine 29 25
Alanine 41 39
Valine 21 22
Methionine 2 2
Isoleucine 10 10
Leucine 23 19
Tyrosine 7 9
Phenylalanine 17 17
Histidine 7 8
Lysine 20 23
Arginine 6 5
Tryptophan ND* 2
Cysteine ND* 0

*Amino acid content based on cDNA sequence of Kleene et al. (1987).
#Not determined.
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FIGURE 2 Osmotic response of liposomes reconstituted with fungal
VDAC. Each curve shows an initial downward deflection, corresponding
to dilution by an aliquot of iso-osmotic buffer at arrow 1, followed by a
rapid upward deflection (liposome shrinkage) caused by addition of an
equal aliquot of hyperosmotic sucrose (final concentration 0.08 M) at
arrow 2. Curve (a) shows a slow reswelling of the liposomes, which
presumably is due to VDAC-mediated influx of sucrose (followed by
water). The reswelling phase is absent from curve (b), which corresponds
to the same liposomes pretreated at 100° for 5 min.

vesicles (with accompanying water influx). It was found in
other experiments (not shown) that an eightfold reduction in
the concentration of VDAC eliminated the reswelling
phase, whereas a 180-fold increase in VDAC concentration
(corresponding to type C liposomes) rendered the vesicles
osmotically unresponsive (i.e., no shrinkage phase). This
concentration of purified fungal VDAC (3.6 pg/mg phos-
pholipid) is the same as the concentration of rat-liver VDAC
found by Linden et al. (1982) to make liposomes maximally
permeable to sucrose. Although these experiments do not
quantify the fraction of functional VDAC in these purified
preparations, they indicate that these preparations have ap-
proximately the same pore-forming activity as those iso-
lated by other protocols.

lon conductance

The electrophysiological behavior of VDAC-containing li-
posomes (type C) was determined by patch-clamp experi-
ments. Fig. 3 shows characteristic single-channel current
traces obtained with a typical preparation and a graph of
open probability versus voltage for the same specimen. Two
transition sizes were observed with these preparations, 450
and 610 pS, corresponding to partial and total (or nearly
total) closure of the channels. Although channel closures
were seen at both negative and positive potentials, the
voltage dependence was usually asymmetric; e.g., channels
closed at smaller amplitude potentials for one polarity than
for the other (Fig. 3). Asymmetric gating is not character-
istic of VDAC in bilayers but has been observed with
VDAC in liposomes (e.g., Wunder and Colombini, 1991).
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FIGURE 3 Electrophysiological characteristics of fungal VDAC recon-
stituted in liposomes. (Top) Voltage dependence of the open probability,
P,, of the channel. (Bottom) Typical current traces at transmembrane
potentials of opposite polarity. The arrow points to a transition of ~600 pS.

Circular dichroism of fungal VDAC

CD spectra were recorded in the far ultraviolet from purified
fungal VDAC in several different detergents and in lipo-
somes (type B). With 1-2% LDAO or 3-OG, reliable data
could usually be recorded down to 180-190 nm. However,
with Triton X-100 (0.1%) and liposomes, scattering limited
the useful lower range of data collection to 200-210 nm.

The CD spectra of VDAC in 1-2% LDAO or 8-OG in the
range 190-260 nm were indistinguishable and comparable
with those of bacterial porins in similar detergents (e.g.,
Tokunaga et al., 1979; Schindler and Rosenbusch, 1984;
Markovic-Housley and Garavito, 1986; Worobec et al.,
1988). Fig. 4 a compares the CD spectra of suspensions of
fungal VDAC and E. coli OmpF in B-OG at room temper-
ature and pH 7. The basic features are large positive ellip-
ticity below 205 nm and a broad, less-intense minimum
centered near 215 nm. Table 2 summarizes the characteris-
tics of these spectra (and those of an “ideal” B-sheet protein)
in terms of the wavelengths at which ellipticity equals zero
(Acrossover) and its minimum value (A,,;,). The approximate
content of secondary-structure elements (B-sheet, B-turn,
a-helix, random coil) was computed from the spectrum of
fungal VDAC in Fig. 4 by use of two different algorithms
(see Materials and Methods), with the results summarized in
Table 3. Both methods predict a -sheet content for VDAC
of ~60%, close to that of OmpF based on its x-ray crystal
structure (56%; Cowan et al., 1992).
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FIGURE 4 Far-ultraviolet CD spectra of fungal VDAC and bacterial
porin. (a) Curve 1, fungal VDAC in 2% B-OG; curve 2, bacterial porin
(OmpF) in 1% B-OG (data replotted from Markovic-Hously and Garavito,
1986). (b) Fungal VDAC in 2% B-OG (solid curve) and reconstituted in
phospholipid liposomes (dashed curve).

The CD spectra of fungal VDAC suspended in 0.1%
Triton X-100 (not shown) and reconstituted in phospholipid
liposomes (Fig. 4 b) were similar over their measurable
range (i.e., down to ~200 nm) to those of VDAC in 1% or
2% B-OG and LDAO suspensions. This suggests that the
conformation of VDAC in micelles of these detergents is
similar to its pore-forming conformation in membranes.
(The liposomes used for CD, osmotic swelling, and patch-
clamping experiments were prepared by similar procedures
from the same stock VDAC and SUV suspensions; see
Materials and Methods.)

The CD spectrum of fungal VDAC in 2% B-OG was not
noticeably altered by increased concentrations of salts such
as KCl (up to 1 M) and CaCl, and MgCl, (up to 0.1 M).
Also, no significant changes in the CD spectrum were

TABLE 2 Comparison of CD spectrum of VDAC with those
of a bacterial porin and an ideal g-sheet protein

Acrossover )‘min [O]min
Protein (nm) (nm) (10° deg cm~2 dmol ')
B-sheet* 204.5 214.0 -52
OmpF* 207.0 217.5 -85
VDAC 205.5 215.5 -10.0

*Yang et al. (1986).
#Markovic-Housley and Garavito (1986).
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TABLE 3 Secondary structure of VDAC estimated from CD
and predicted by models

Secondary Structure

a-helix B-sheet Other*
Prediction (%) (%) (%)

Based on CD*

pH 7, 25° 30(7) 62 (63) 8 (31)

pH 4, 25° 28 38 34

pH 7, 65° 30 0 70
Based on models

19-strand barrel® - 81 -

12-strand barrel? - 51 -

*B-turn plus random coil.

*Estimates computed from CD spectra of fungal VDAC in 2% B-OG by
method of Yang et al. (1986); values in parentheses computed from same
data by method of Manavalan and Johnson (1987).

*Transmembrane SB-sheet estimate for model of Forte et al. (1987).
Transmembrane B-sheet estimate for model of Blachly-Dyson et al.
(1990).

caused by compounds known to alter the voltage depen-
dence of the channel: 50 uM AICl,, 100 uM NADH, and 2
1M Koenig’s polyanion (data not shown).

Effects of elevated temperature

Heating suspensions of fungal VDAC in 2% B-OG from 25°
to 65° resulted in the progressive and irreversible changes in
CD spectra illustrated in Fig. 5, namely, broadening of the
minimum centered at 216 nm, a shift in A . over from 206
to ~195 nm, and an almost complete loss of positive
ellipticity in the range 195-190. Heating to 100° caused
total loss of ellipticity and absorbance, suggesting aggrega-
tion and precipitation of the protein. The CD changes at 65°
were consistent with loss of most or all of the protein’s
B-sheet structure (Table 3). VDAC-reconstituted liposomes
displayed irreversible loss of sucrose permeability when

[6]-10™2 (deg-cm2-dmoi™1)

190 200 210 220 230 240 250 260

WAVELENGTH (nm)

FIGURE 5 Effect of temperature on the CD spectrum of fungal VDAC.
Spectra recorded from VDAC suspensions in 2% B-OG at 25° following
incubation for 15 min at 45° (dashed curve) and 65° (dotted curve). The
solid curve is the spectrum of a VDAC suspension in 2% B-OG kept at 25°
(curve 1, Fig 4a).
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they were preheated above 65°, with total inhibition at 100°
(Fig. 2). The irreversible loss of function at high tempera-
ture, also observed by Bathori et al. (1993) for liposome-
reconstituted mammalian VDAC, suggests thermal denatur-
ation of the channel protein. That the CD changes occurred
at lower temperatures than inhibition of permeability sug-
gests that the protein may be less stable in 8-OG micelles
than in phospholipid bilayers.

Effects of variation of pH

Because the voltage-induced gating of the VDAC channel is
pH dependent, the effects of varying pH on the CD spectra
of purified fungal VDAC were examined. There were no
appreciable changes in CD spectra of VDAC in 2% B-OG in
the range pH 7 to 11 (data not shown). However, alterations
in CD spectra were discernible below pH 5, as shown in Fig.
6 a and b. CD changes observed at pH 4-3 consisted of a
broadening of the ellipticity minimum formerly centered at
216 nm and a resultant shift in A . over from 206 to ~200
nm, together with a decrease in positive ellipticity between
200 and 190 nm. The extent of the low-pH-induced CD
changes varied somewhat between experiments (compare
spectra in Figs. 6 a and b), but the loss of positive ellipticity
below 200 nm was never as large as that observed at 65
(Fig. 5). In parallel experiments, the sucrose permeability of
VDAC-containing liposomes was found to be greatly inhib-
ited at pH 4 (Fig. 7). In marked contrast to the heat-induced
effects, both the CD and permeability changes caused by
lowering pH were almost fully reversed by restoring pH to
7 (Figs. 6 b and 7). Thus, the effects at low pH are consistent
with a conformational change in VDAC that results in loss
of sucrose permeability. Estimation of secondary structure
from the CD spectrum of Fig. 6 a at pH 4 (Table 3) suggests
that this conformational change corresponds to loss of ap-
proximately half of the B-sheet content of the open channel.

Effects of SDS; thermal stability of the SDS- and
low-pH-induced states

As noted above, CD spectra of purified fungal VDAC in
B-0OG, LDAO, and Triton X-100 at pH 7 and room temper-
ature were indistinguishable and were consistent with a high
B-sheet content. At the same pH and temperature, the CD
spectrum of VDAC in 1% SDS was markedly different,
closely resembling that of VDAC at pH 3-4 in 8-OG (Fig.
6 ¢).

Heating of VDAC in $3-OG to 100° resulted in aggrega-
tion of the protein as noted above. However, it was found
that suspensions of VDAC in SDS at pH 7 or in 8-OG at pH
3 could be heated to 100° without precipitating and without
additional changes in CD spectra (data not shown). These
results suggest that the low-pH- and SDS-induced states of
VDAC may be related and that they may represent a con-
formation that is more resistant to thermal denaturation than
that at pH 7 in B-OG.
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FIGURE 6 Effect of pH and SDS on the CD spectrum of fungal VDAC.
(a) Spectra recorded from VDAC at pH 7.0 (solid curve), pH 4.0 (dashed
curve), and pH 3.2 (dotted curve). (b) Spectra of VDAC at pH 7.0 (solid
curve), pH 4.0 (dashed curve), and pH 6.0 after 1 h at pH 4.0 (dotted
curve). (c) Spectra of VDAC in 1% SDS, pH 7.0 (solid curve) and in 2%
B-OG, pH 4.0 (dashed curve). In (a) and (b), the spectrum of VDAC in 2%
B-OG at pH 7 is from Fig. 4 a, curve 1.

DISCUSSION

Although numerous structural models have been proposed
for VDAC based on 3-barrel motifs (e.g., Forte et al., 1987,
Blachly-Dyson et al., 1990; DePinto et al., 1991; Rauch and
Moran; 1994), this circular dichroism study provides the
first direct, physical evidence that VDAC has a high B-sheet
content. Current VDAC models vary widely in terms of the
number of B-strands that might constitute the lumen-form-
ing barrel. As indicated in Table 3, the B-sheet content
nredicted for VDAC based on its CD spectrum at pH 7 and
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FIGURE 7 Effect of pH on sucrose permeability of fungal VDAC.
Curves show the response of VDAC-containing liposomes to the addition
of 0.08 M sucrose (same experimental conditions and procedures as in Fig.
2) for (a) liposomes at pH 7, (b) liposomes at pH 4, and (c) liposomes at
pH 7 after incubation for 2 h at pH 4.

25° falls within the range expected for 12-strand (Blachly-
Dyson et al., 1990) and 19-strand (Forte et al., 1987) B-bar-
rel models. However, inasmuch as these CD-based predic-
tions are only estimates, they cannot be used to distinguish
among the different folding models.

The CD experiments on fungal VDAC in $-OG micelles,
correlated with osmotic swelling experiments on VDAC-
containing liposomes, indicate that the mitochondrial chan-
nel protein undergoes a reversible conformational change at
pH 4, involving partial loss of B-sheet content. A related
conformation, which, like the low-pH state, appears to be
resistant to thermal denaturation, is induced in VDAC by
the detergent SDS at pH 7. It is unclear whether this lower
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B-sheet conformation has any functional significance. Peng
et al. (1992) have proposed a model for closure of VDAC
that involves removal of transmembrane strands from the
putative B-barrel, thus reducing the pore’s diameter and
permeability. That low pH concomitantly induces in VYDAC
reversible decreases in sucrose permeability and B-sheet
content might be considered to support such a closure
mechanism. Lowering pH to 3—-4 has been reported by
Mirzabekov and Ermishkin (1989) to decrease the voltage
needed to induce partial closure of VDAC in bilayers.
However, low pH alone does not induce the partially closed
state of VDAC characterized by Peng et al. (1992). In
addition, this voltage-induced substate is expected to be
permeable to sucrose, albeit less so than the fully open state.
Thus, it is unlikely that the conformation induced in VDAC
by low pH corresponds to the usually observed voltage-
induced, partially closed state of the channel.

Earlier studies indicate that bacterial porins undergo a
conformational change that may be related to that observed
with VDAC, albeit under different combinations of condi-
tions. For example, reversible changes in CD spectra such
as those observed with VDAC in 8-OG at pH 4 or in SDS
at pH 7 also have been observed with bacterial porins, but
only in SDS and only after exposure to either low pH
(Schindler and Rosenbusch, 1984; Markovic-Housley and
Garavito, 1986) or heat (Tokunaga et al., 1979; Worobec et
al., 1988; Chevalier et al., 1993). These bacterial porins
(unlike VDAC) normally occur as trimeric complexes that
are stable in SDS at room temperature. Only after dissoci-
ation of the trimers into monomers by heating or low pH are
the CD changes observed. OmpA, a monomeric, non-pore-
forming B-barrel protein in the outer membrane of E. coli,
displays CD changes during refolding (from a urea-dena-
tured state) and membrane insertion (Surrey and Jahnig,
1995) that are similar to those displayed by VDAC in 8-OG
when pH is raised from 4 to 6 (Fig. 6 b). This raises the
possibility (currently under examination) that the low-pH
conformation may represent a folding intermediate on the
pathway from VDAC’s water-soluble form (following syn-
thesis on cytoplasmic ribosomes) to outer-membrane inser-
tion and pore formation.

Aside from low pH, other known effectors of the voltage
dependence of VDAC did not appreciably alter the CD
spectrum of the protein. The absence of effects of high pH
and aluminum on VDAC’s CD spectrum was not surprising.
These conditions decrease voltage-dependent gating of
VDAC, presumably by altering gating charges (Bowen et
al., 1985; Dill et al., 1987), and are not thought to cause
major conformational changes. Likewise, although NADH
induces a steeper voltage response in VDAC (Zizi et al.,
1994), it makes the channel less likely to close at near-zero
transmembrane potentials. Only Koenig’s polyanion is ex-
pected to induce a transition to a closed state in the absence
of a transmembrane potential, based on its effects on the
permeability of mitochondrial outer membranes (Benz et
al., 1988) and VDAC-containing liposomes (Colombini et
al., 1987). That the polyanion does not alter the CD spec-
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trum of VDAC in B-OG suggests either that polyanion-
induced closure does not involve major changes in VDAC’s
secondary structure or that the effects of the polyanion are
mitigated in detergent suspension.
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