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ABSTRACT Crystalline arrays of the voltage-dependent channel, VDAC, can be produced by treatment of Neurospora mitochondrial outer
membranes with phospholipase A2. The membrane crystals undergo a lateral phase transition (lattice contraction) that can be induced
by an amphipathic polyanion, which also reduces the channel's gating potential. Electron cryo-microscopy of frozen-hydrated crystals
indicates that the mean projected diameters of the channels do not decrease with lattice contraction. Instead, contraction is associated
with the disappearance of lateral protein "arms" that normally extend between the channels. A model is presented that explains the
changes in channel packing and gating potential in terms of a conformational change involving the movement of a protein "arm"
between the bilayer and the channel.

INTRODUCTION

Until recently, the mitochondrial outer membrane was
considered non-selectively permeable or leaky to all mol-
ecules and ions smaller than 5-10 kD. This view is chang-
ing with the discovery of several classes of channels in
this membrane, each with different permeability proper-
ties and voltage dependencies ( 1-5 ). The predominant
and best characterized of these channels is VDAC (for
voltage-dependent, anion-selective channel), also called
mitochondrial or eukaryotic porin ( 1, 6-8). In vitro, this
channel has a modest selectivity for anions over cations
in its fully open state, and switches to lower conductance
substates when 20-30-mV potentials are applied across
the membrane. The magnitude of the voltage needed to
partially close VDAC (its "gating potential") is greatly
reduced by certain macromolecular modulators, which
include a synthetic polyanion and an endogenous mito-
chondrial protein (9, 10). The significance of VDAC's
closure has been heightened by recent reports that outer
membranes ofmitochondria treated with the modulator
polyanion are impermeable to ATP (1 1, 12).
The VDAC channel is formed by a 31-kD polypeptide

whose amino-acid sequence is known for several species
(13-15). These sequences are characterized by numer-
ous segments of alternating polar/nonpolar residues,
suggesting that VDAC's lumen [like that of bacterial
porin (16, 17)] may be formed by a cylindrical fl-sheet
("3-barrel") with an inner surface lined by polar resi-
dues and a hydrophobic outer surface ( 18, 19). Consider-
able information about VDAC's structure has come
from electron microscopy oftwo-dimensional crystals of
the channel, formed when fungal mitochondrial outer
membranes are slowly depleted of lipid by phospholip-
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ase A2 (20, 21). These crystalline arrays are polymor-
phic, the usually observed oblique array consisting of
groups of six channels arranged on a parallelogram lat-
tice with parameters a = 1 3.3 nm, b = 1 1.5 nm, and y =

1090. Variants ofthis lattice geometry are also observed,
corresponding to stages of contraction of the parallelo-
gram array (22, 23). The most common contracted
array contains the same hexameric group of channels as
the oblique array, but arranged on a lattice with smaller
angle ( 1000) and b vector length ( 10.0 nm).
The polymorphism ofcrystalline VDAC is interesting,

since variations in crystal packing may reflect underly-
ing protein conformational changes. This possibility is
especially intriguing in the case of VDAC, since the
oblique-to- contracted crystal transition is induced by the
modulator polyanion which lowers VDAC's gating po-

tential (24). Thus, determining the nature of structural
changes associated with contraction ofthe VDAC crystal
lattice may shed light on the mode ofaction ofthis modu-
lator, and possibly on the nature of voltage-induced clo-
sure of the VDAC channel.

In the current report, we present evidence from elec-
tron cryo-microscopy for a protein conformational
change associated with the oblique-to-contracted transi-
tion in VDAC crystals.

MATERIALS AND METHODS
Crystalline arrays ofthe VDAC channel were obtained by treatment of
outer membranes isolated from Neurospora crassa mitochondria with
phospholipase A2, as described in detail previously (20, 21 ). Frozen-
hydrated specimens were prepared by depositing 10-,d aliquots of
membrane suspension (-0.2 mg protein per ml of 10 mM Tris-HCl,
pH 7.0) on freshly glow-discharged, carbon-coated copper grids, which
were then blotted and rapidly plunged into liquid ethane in thermal
contact with liquid nitrogen. The frozen-hydrated specimens were
transfered to and examined in an EM420-T electron microscope (Phil-
ips Electronic Instruments, West Nyack, NY) using a model 626 cryo-
transfer device (Gatan, Inc., Warrendale, PA). Images were recorded
on Kodak SO163 film (Eastman Kodak Co., Rochester, NY) at 100
kV accelerating voltage and 36,OOOX magnification using doses of ca.
20 electrons/A2 and defocus of -250 to -500 nm. Micrographs were
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FIGURE I Projected density maps of oblique (A) and contracted (B) forms of two-dimensional crystals of the VDAC channel, obtained from
electron microscopic images offrozen-hydrated crystals. Each map is a representative correlation average including over 300 unit cells from a single
membrane crystal, with p2 symmetry imposed. The six channels in the central unit cell ofboth arrays are numbered, as are the two nearest channels
in the adjacent unit cell above (prime) and below (doubleprime) the central unit cell. Note the movement ofchannels 5' and 4' relative to channels
1 and 2, and ofchannels 1 "and 2" relative to channels 5 and 4 in the transition from oblique (A) to contracted (B) array geometry. The four corners
ofthe oblique array (A) occupied by lateral protein arms are indicated by arrows, as are the equivalent positions in the contracted array (B). Sites of
increased density on the periphery ofthe central unit cell in the contracted array, which may correspond to redistribution ofthe mass associated with
the arms, are circled in (B). Scale bar in (A) equals 5 nm.

digitized (0.47 nm per pixel) with a scanning microdensitometer
(model PDS 1OOA, Perkin-Elmer Corp., Garden Grove, CA) and
computer processing was done with the SPIDER system (25), installed
on a VAXstation 3500 graphics workstation (Digital Equipment
Corp., Maynard, MA). Averages of images of VDAC crystals (which
usually consist of collapsed vesicles with two overlapping membrane
layers) were obtained by correlation analysis (26, 27), using a proce-

dure described in detail elsewhere (21, 28). Briefly, a subfield ( 128 x
128 pixels) in a membrane crystal is Fourier-transformed and the in-
verse transform is computed using only the coefficients corresponding
to one ofthe two overlapped lattices, yielding a preliminary average of
one crystal layer. (The procedure may be applied only when the ver-

tices of the two reciprocal lattices do not overlap anywhere in Fourier
space.) A reference composed of 5-9 unit cells is windowed from the
Fourier-averaged image and cross-correlated with the entire crystal
field. The final "correlation average" is computed by summation of
subfields windowed from the crystal at the precise positions ofmaxima
in the cross-correlation function (21, 28).

RESULTS AND DISCUSSION

Representative projection images of frozen-hydrated
crystalline VDAC, obtained by correlation averaging of
images of oblique and contracted membrane arrays, are
presented in Fig. 1. Although resolution (defined in
terms of included Fourier components with intensities
significantly above background) in correlation averages
of oblique arrays may extend out to 1/( 1.1 nm) (29), the

average in Fig. 1 A has been low-pass filtered at 1/( 1.8
nm). This corresponds to the best resolution so far attain-
able with correlation averages of contracted arrays, like
that of Fig. 1 B. Since there is no heavy-metal stain pres-

ent in the specimens, the correlation averages of Fig. 1

correspond to maps ofthe projected density of the com-
ponents of the arrays (protein, lipid, water), with white
representing low density and black high density. Each
channel has a white (water-filled) internal lumen
surrounded by a dark (protein) rim, which in turn is
bounded by low-density (lipid) domains.

Mean projected diameters of pores in
different crystal polymorphs
The channel lumens in the correlation averages of
oblique and contracted arrays (Fig. 1 A and B) appear to
be similar in size. Quantitative comparisons were made
of the mean projected lumen diameters in the two types
of arrays by a modeling approach used previously for an
oblique array (29). The projected density at each chan-
nel position in the arrays is represented as a circular ring
(the axial projection of a hollow cylinder) with a thick-
ness of 0.3 nm and a diameter D. Agreement between
models of varying ring diameter and projection images
of frozen-hydrated VDAC arrays is assessed by the dif-
ferential phase residual (29, 30):
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TABLE 1 Differential phase residuals (AO) between correlation
averages of frozen-hydrated arrays and models of varying
lumen diameter (D)

Array image AImin* Dmint Du § Diwr11

0 nm nm nm

Oblique
#1 33.8 3.7 4.0 3.6
#2 33.0 3.9 4.2 3.6
#3 36.2 3.8 4.0 3.6
#4 43.4 4.0 4.2 3.9

Contracted
#1 37.7 3.6 3.9 3.4
#2 33.7 3.8 4.0 3.4

* A4min = minimum cumulative Ai over the Fourier annulus 1/(5.0
nm) to 1/(1.8 nm).
t Dmin = model ring diameter corresponding to A4min-
§ D.pw, = upper limit of model ring diameter for which AO < 45°.
DIw, = lower limit of model ring diameter for which AO < 450.

AX=
;R(IMlI + M21)(AO)2 1/2
2zR(OM11 + IM21) J

where AO is the phase difference between the complex
Fourier coefficients of the model, M1, and those of the
correlation average, M2; the summations are made over
an annulus, R, in Fourier space. Phase residuals between
models of varying ring diameter and images of several
oblique and contracted arrays are summarized in Table
1. The projected diameters ofthe channel lumens in the
two types of arrays are indistinguishable by this method,
i.e., both oblique and contracted density maps are fit best
by ring models with diameters in the range 3.6-4.0 nm.
Assuming that the channel lumen is formed by a 3-barrel
aligned normal to the membrane plane, as has been sug-
gested ( 18, 19), this diameter would correspond to that
of the axial projection of the Ca backbone.
The fact that the mean projected lumen diameter of

the VDAC channel does not decrease detectably with
lattice contraction argues against the contracted lattice
representing a closed state ofVDAC. However, informa-
tion about the three-dimensional shape of the pore lu-
mens in both oblique and contracted arrays is needed to
rule out this possibility unambiguously (work in prog-
ress).

Structural changes involving the
lateral protein arms
Although there is no detectable difference in projected
lumen diameters of the channels in the two types of
VDAC array, other aspects ofthe density maps of Fig. 1
A and B are dissimilar. In particular, the large pore-free
areas at the corners of the unit cell in the oblique array
decrease in area from approximately 17 to 5 nm2 in the
course of lattice contraction. It is this change in packing

geometry (and not a change in the projected shape ofthe
pore lumen) that accounts for the overall contraction of
the surface area of the array by about 10%.

Several dark (protein), lateral features extend from
the channels into the corner regions ofthe unit cell in the
oblique array, as described previously (29). These pro-
tein "arms" are missing from the equivalent regions of
the contracted array. This local difference in protein ar-

rangement likely reflects a conformational change in the
3 1-kD VDAC polypeptide, since there is no other pro-

tein present in these membrane fractions at sufficient
stoichiometry to otherwise account for such a change in
crystallographic repeating unit (20). Detailed compari-
son of the maps of Fig. 1 A and B reveal several other
changes in density distribution that might correspond to
rearrangement ofthe mass associated with the arms after
contraction (see legend, Fig. 1 ). However, it is also possi-
ble that some or all of the arms no longer occupy fixed
sites in the crystal lattice following contraction, and so

disappear upon averaging.
We had previously proposed (29) that the dense lat-

eral arms observed in images of frozen-hydrated oblique
arrays represent one or more regions ofthe VDAC poly-
peptide that extend into lipid domains located at the
corners of the unit cell. The results presented in this re-

port are the first direct demonstration that these arms

disappear when the lattices contract. It is possible that
interaction of these arms at the bilayer surface might
stabilize the oblique crystal polymorph by preventing the
channel hexamers from packing more closely together.
Conversely, displacement of the arms from the mem-
brane surface could be a prerequisite for lattice contrac-
tion, which would also require removal of lipid from the
corner regions ofthe arrays. This putative movement of
an arm of the VDAC polypeptide offthe bilayer surface
might also have a functional significance, as suggested by
the fact that lattice contraction is induced by the syn-
thetic polyanion which lowers VDAC's gating voltage
(24). For example, it may be that VDAC's conforma-
tion in the oblique array represents a low-energy "open"
state, stabilized in part by interaction of the extended
arms with each other and/or with the surrounding phos-
pholipid (Fig. 2). If so, conditions that weaken these
protein-protein and/or protein-lipid interactions
would destabilize this "open" state and so lower
VDAC's gating potential-and at the same time induce
(or at least permit) lattice contraction.
The modulator polyanion which induces contraction

ofthe VDAC crystal lattice is amphipathic, a copolymer
ofmaleate, methacrylate, and styrene. Another molecule
also has been shown to exert a similar effect on VDAC
arrays, a synthetic peptide with the sequence of the
NH2-terminal targeting region of subunit IV of cy-
tochrome oxidase (31 ). Although this peptide is a cation
and not an anion, it is amphipathic like the modulator
polyanion. The amphipathicity of the two contraction-

Guo and Mannella Mitochondrial Channel Structure 547Guo and Mannella Mitochondrial Channel Structure 547



G

CDLOSED

POLYANION V

HM ~~~~~AG1KtJ I_____
FIGURE 2 Hypothetical scheme to explain lattice contraction and de-
crease in gating potential. The VDAC channel is represented as a #-
barrel to which an "arm" is attached by a flexible hinge (see reference
31 ). The "arms" may normally extend into the adjacent bilayer, stabi-
lizing VDAC's "open" state and preventing the channels from packing
closely together. Detachment of the "arms" from the bilayer destabi-
lizes the "open" state (raising its free energy by an amount AG,) and
also allows the channels to pack more closely (contracting the crystal
lattice). Once detached from the bilayer, the "arms" are free to interact
with the channel protein, which may play in a role in subsequent volt-
age-induced closure. The "gating potential" V., defined as the trans-
membrane voltage for which an equal number of channels are in the
"open" and "closed" states, is given by AGG/nF, where AG is the free
energy difference between the two states, n is the number of charges
involved in the gating process, and F is the Faraday constant. In the
"arms extended" conformation, V. = (AG, + AG2)InF, while in the
"arms detached" state, V. = AG2/nF.

inducing polymers may allow them to insert into phos-
pholipid regions of the crystals and displace VDAC's
arm. In fact, the targeting peptide has been shown by
electron microscopy to bind to the region in the VDAC
crystal occupied by the arms (32). Unfortunately, it is
not known at this time whether the targeting peptide
alters VDAC's gating characteristics. Determining
whether there is a general correlation between the abili-
ties of polymers to alter VDAC's gating potential and to
cause crystal lattice contraction may provide important
information about the mechanism by which this channel
is regulated.
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