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Abstract

The channel protein in the outer membrane of Neuwrospora crassa mito-
chondria, VDAC, forms extended planar crystals on the membrane. The
arrays, which are induced by phospholipase A,, are polymorphic, varying
from parallelogram (P) to near-rectangular (R) geometry with increased phos-
pholipase treatment. Computer-based analysis of projection images of nega-
tively stained VDAC arrays indicates that the protein forms a transmembrane
channel in the P array. Comparison of average images of arrays embedded in
different negative stains suggests that the bore of the channel is 2-2.5nm. The
locations of functionally important lysine clusters on VDAC are inferred from
the effects of succinylation on projection images of arrays negatively stained
with phosphotungstate. Projection images of unstained frozen-hydrated arrays
indicate the general shape of the channel and suggest each channel is formed
by one 31-kDa VDAC polypeptide.

Key Words: Mitochondrial outer membrane; channel; electron microscopy;
image processing; negative stain; frozen-hydrated; succinic anhydride.

Introduction

Electron microscopy has made several key contributions to the understand-
ing of mitochondrial membrane structure. The best known example is the
“head and stalk” subunit of negatively stained cristae, subsequently iden-
tified as F, ATPase (Fernandez-Moran, 1962; Parsons, 1963; Kagawa and
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Racker, 1966). Concurrent with the discovery of projecting inner membrane
particles were observations of porelike subunits on the mitochondrial outer
membrane (Parsons, 1963). In plant mitochondria, outer membranes have a
pitted appearance in negative-stain electron micrographs (Parsons ef al.,
1965). While the numerous stain-dense, 3-nm loci were attributed by some to
an artifact of negative staining, those who first made the observations specu-
lated that they might be channel openings in the membrane. The existence of
pores in the mitochondrial outer membrane would explain this membrane’s
remarkable permeability to small molecules. However, identifying the nega-
tive stain subunits with a functional component of the mitochondrial outer
membrane had to await advances in the assay of channel function.

With development of techniques for detecting pore formation in phos-
pholipid membranes, it was found that mitochondria possessed a potent
pore-former. This channel, first detected in protozoan mitochondria, was
called VDAC, for voltage-dependent, anion-selective channel (Schein et al.,
1976). The channel exhibits multiple conductance states, switching from high
(4.5n8S) to low (2.5n8S) conductance when transmembrane potentials exceed
20mV. Furthermore, the channel displays higher permeabilitics toward
anions than cations. Colombini (1979) was the first to localize this channel-
forming activity to the mitochondrial outer membrane in rat liver. Zalman
et al. (1980) showed it to be associated with the major protein component of
the outer membrane of plant mitochondria. X-ray scattering experiments had
earlier implicated this trypsin-resistant, 30-kDa polypeptide as the main
component of the subunits seen in negative-stain electron micrographs of this
membrane (Mannella and Bonner, 1975).

The link between the functional entity, VDAC, and the subunits detected
by electron microscopy was established with fungal mitochondria. In the
mitochondrial outer membrane of Neurospora crassa, the 31-kDa VDAC
polypeptide is the major protein component (Mannella, 1982; Freitag et al.,
1982). As with those of plants, outer membranes of Neurospora mitochondria
show close-packed, stain-accumulating loci in negative-stain electron micro-
graphs. However, unlike the plant subunits, those in fungal mitochondrial
outer membranes tend to occur in periodic arrays (Mannella, 1982). Anti-
bodies were raised against Neurospora mitochondrial outer membranes
which were specific for the 31-kDa polypeptide and which inhibited incor-
poration of VDAC into planar bilayers (Mannella and Colombini, 1984).
These antibodies bound to mitochondrial outer membranes and could be
used to precipitate Neurospora mitochondria, unlike antibodies raised
against SDS-solubilized VDAC (Freitag et al., 1982). Indirect immuno-
electron microscopy, using Protein A-colloidal gold as a marker, demon-
strated that the anti-VDAC antibody bound specifically to mitochondrial
outer membranes containing crystalline arrays of the stain-accumulating
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subunits (Mannella and Colombini, 1984). This, together with observations
that the 31-kDa VDAC polypeptide is the only polypeptide enriched in
crystalline membrane fractions (Mannella, 1984), proved that the subunit
arrays were composed of VDAC.

Formation of Periodic Channel Arrays

The tendency of VDAC to form crystalline arrays in the mitochondrial
outer membrane of Neurospora is useful for electron microscopy, for reasons
that will be explained below. It has been determined that channel arrays form
on the mitochondrial outer membrane by the action of phospholipase A,.
Quantitative conversion of amorphous to crystalline outer membrane vesi-
cles can be achieved by incubating dilute suspensions of the membranes with
low levels of soluble phospholipase A, under continuous dialysis (Mannella,
1984). The subsequent decrease in surface area and increase in buoyant
density of the membranes (Mannella, 1985) suggests that ordered packing of
channels is associated with release of the products of phospholipid hydrolysis
from the membrane. The frequent occurrence of subunit-free membrane
regions contiguous with ordered channel arrays in these membrane fractions
suggests that the crystallization process also involves lateral phase separation
of membrane components (Mannella, 1982).

Mitochondrial outer membranes have an endogenous phospholipase A
activated by micromolar Ca** (Douce et al., 1968; Vignais et al., 1969),
suggesting that organization of the channels into close-packed arrays might
occur in vivo, perhaps as a response to elevated Ca’*. In vitro experiments
indicate that endogenous phospholipase is capable of inducing formation of
channel arrays on the outer membranes of intact mitochondria. For example,
preincubation of Neurospora mitochondria with 5-50 uM CaCl, prior to
outer membrane isolation greatly increases the number of channel arrays
subsequently observed in the absence of added phospholipase A, (Mannella,
unpublished observation). The functional consequence of the ordered aggre-
gation of mitochondrial outer membrane channels are unknown at this time.
It has been demonstrated with acetylcholine receptors that clustering of
channels can significantly alter their kinetic charcteristics (Young and Poo,
1983).

Structural Information from Electron Microscopic Image Analysis

Image processing techniques have been applied to transmission electron
micrographs of outer mitochondrial membrane arrays to derive basic
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structural parameters of crystalline VDAC. Substructure in an image of a
negatively stained, flattened, array-bearing vesicle (Fig. 1A) is difficult to
interpret directly. Information from the two membrane layers is super-
imposed in projection images, along with background contributions from the
carbon support film. Fourier filtration (DeRosier and Klug, 1968) is used to
compute noise-free averages of each crystalline layer in these membranes.
The image is digitized (with a scanning microdensitometer) and its Fourier
transform computed. The power spectrum of the transform is equivalent to
the optical diffraction pattern of Fig. 1C. The transform consists of discrete
reflections on two different parallelogram lattices, corresponding to the two
periodic membrane layers, plus amorphous scattering arising from random
image components (noise). The spatial separation of ordered and random
image components in Fourier space is the basis of the filtration. The trans-
form is masked so that Fourier components corresponding to only one
membrane lattice are passed, and the inverse transform is calculated. The
result is a ““filtered” image, an average of the projected density in one
negatively stained membrane layer, free of random noise and of contri-
butions from the other layer (provided reflections on the two lattices do not
anywhere overlap).

Fourier averages of negatively stained parallelogram VDAC arrays are
shown in Figs. 1B and 2A. The repeat unit contains six sites of negative stain
accumulation with 4.5-5nm center-to-center separation of nearest neighbors.
The stain centers are arranged on a hexagon with two-fold rotational sym-
metry and these repeat units are in turn aligned on a parallelogram lattice of
dimensions 13.3 x 11.5nm, with a lattice angle of 109°

The arrays of VDAC observed in mitochondrial outer membrane frac-
tions are polymorphic, the most common being the parallelogram (P) array
just described. With increased phospholipase A, treatment, another array
predominates, a near-rectangular (R) array with a smaller unit cell
(8.4 x 5.1 nm) which contains only two stain centers (Mannella e al., 1983;
Mannella, 1984, 1985). The lateral rearrangement of subunits involved in the
transition from P to R geometry is diagramed in Fig. 2. The coordination
between the subunits in the P and R lattices differs significantly, raising the
possibility that the VDAC protein may be in different conformations in the
two arrays (see below).

Channel Shape and Size
The diameters of the stain centers in filtered images of VDAC arrays

fall in the range estimated for the bore of the VDAC channel based on
different functional characteristics, 2—-4 nm (Colombini, 1985; Benz, 1985).
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Fig. 1. (A) Electron micrograph of a fungal mitochondrial outer membrane containing a
periodic VDAC array, negatively stained with uranyl acetate. Scale bar = 100 nm. (B) Fourier
average of a 23 x 23 nm® area of one of the two superimposed arrays in the image of (A). (C)
Optical diffraction (obtained with coherent illumination from a He-Ne laser) from a 170-nm
square region at the center of the micrograph in (A). The principal axes (4,0 and 0,k) of the
lattice used for the filtration in (B) are indicated, as are several high-resolution reflections.
Reproduced from Mannella (1982) by permission of The Rockefeller University Press.
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This observation provokes the question of whether these dense strain centers
represent projections of transmembrane channels. Information about the
distribution of stain in the vertical direction of the arrays is needed to answer
this question. Three-dimensional reconstruction from electron microscopic
projections of tilted specimens is possible using cither Fourier- or direct-space
(modified back-projection) algorithms (Amos et al., 1982; Gilbert, 1972).
Application of both techniques to tilt-series projection data from P arrays
indicates that the stain at each of the six loci in the unit cell spans the
5-6-nm-thick membrane (Mannella er al., 1984). Recently completed Fourier
analysis of the three-dimensional density distribution in the R array shows
the stain penetrating only about halfway into the membrane (Mannella and
Frank, unpublished). Thus the P and R arrays of the VDAC protein may
correspond to the open and closed states of the channel.

Inferring the bore of the channel from averaged projections of negatively
stained VDAC arrays is complicated by the stain dependence of the projected
channel diameters: 3-3.5nm with phosphotungstate, 2-2.5 nm with uranyl
salts. This discrepancy has been attributed to the tendency of commonly used
negative stains to positively stain proteins (Mannella and Frank, 1984).
Penetration of stain into the protein wall of a channel will make the channel
look wider in projection than it actually is. The negative stain aurothio-
glucose was used to resolve this issue. Unlike heavy-metal salts, this gold-
tagged sugar is totally uncharged and not expected to positively stain any
membrane component. The average diameter of projections of mitochondrial
outer membrane channels embedded in aurothioglucose is close to 2nm
(Mannella et al., 1986), favoring the lower estimate of channel size.

Chemical Modifiers and Effectors

Reaction of VDAC with succinic anhydride has been shown to
dramatically alter the functional characteristics of the channel. Voltage
dependence is lost and ion selectivity switches from anionic to cationic,
although channel conductance is unchanged (Doring and Colombini, 1985).
These effects have been interpreted to indicate the involvement of lysines in
both the voltage-sensing and ion-selectivity mechanisms of the channel pro-
tein (Colombini, 1985). The VDAC polypeptide contains numerous lysine
residues (26 in Neurospora; Freitag et al., 1982) which normally carry a + 1
charge and which is changed to — 1 by succinylation. To determine the effects
of succinylation on the structure of VDAC, crystalline arrays of the channel
were reacted with succinic anhydride prior to negative staining with phos-
photungstate and uranyl acetate (Mannella and Frank, 1984). Chemical
modification does not detectably alter the lattice parameters of arrays
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embedded in either stain, suggesting that functional changes elicited by
succinylation are not associated with large-scale changes in channel con-
formation. However, the lateral distribution of one of the stains on
the VDAC arrays was significantly altered by pretreatment with succinic
anhydride. The stain affected was phosphotungstate, a complex anion known
to positively stain basic amino acids in proteins (Tzaphlidou et al., 1982).
Analysis of differences between average projections of control and succiny-
lated VDAC arrays (Mannella and Frank, 1984, 1987a) provides a tentative
localization of the sites of exposed clusters of basic amino acids on the VDAC
molecule.

A synthetic polyanion has been shown to reduce the permeability of
VDAC in bilayers (Yeung et al., 1986). This copolymer of styrene, maleate,
and methacrylate (3:2: 1) has been found to cause rapid loss of long-range
order in VDAC crystals, as do other polyanions, such as polyglutamate and
poly(glutamate, alanine) (Mannella and Frank, 1987b). The disordering effect
of polyanions on the VDAC arrays is consistent with a conformational
change in the channel, e.g., from an open to partially closed state as suggested
by the change in channel conductance. Alternatively, loss of crystalline order
may be caused by disruption by the polyanions of interactions between the
components of the arrays. Phospholipases C and D, which hydrolyze the
polar head groups from phospholipids, also disorder the VDAC arrays
(Mannella, 1986). This result suggests that electrostatic interactions between
zwitterionic phospholipids and the VDAC polypeptide are critical for main-
tenance of long-range order in the arrays.

Structure of Frozen-Hydrated Crystalline VDAC

Negative stains are used in electron microscopy because they confer
increased contrast and resistance to radiation damage on biological speci-
mens. However, the use of negative stains has its drawbacks. Attainable
resolution in electron images of negatively stained objects is limited to about
2nm. Also, the structural information provided is primarily topological,
mixed to varying degrees with positive staining effects (see above). Advances
in imaging of unstained macromolecule complexes have been made in the
past decade which overcome these shortcomings. Electron images and dif-
fraction patterns containing high-resolution information can be recorded
from specimens embedded in low-density media provided care is taken to
minimize the radiation dose to the specimens (Unwin and Henderson, 1975).
Techniques are becoming almost routine for the preparation and imaging of
unstained specimens embedded in vitreous ice by rapid freezing at liquid-
nitrogen temperature (Taylor and Glaeser, 1976; Adrian et al., 1984). Such
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Fig. 3. Projected density of unstained, frozen-hydrated crystalline VDAC, obtained by corre-
lation averaging (Mannella et al., 1986). Dark contours represent high density (protein) and light
contours low density (lipid). Two-fold rotational symmetry imposed. Scale bar = 5nm.

frozen-hydrated specimens arc in an essentially native environment and are
about five times less susceptible to deleterious effects of the electron beam
than equivalent specimens at room temperature (Glaeser and Taylor, 1978;
LePault er al., 1983). Because of the absence of stain, components within
membranes can be directly visualized, with contrast provided by the inherent
density differences between protein and lipid.

Figure 3 is an average of unstained crystalline VDAC obtained from
frozen-hydrated Neuwrospora mitochondrial outer membranes (Mannella
et al., 1986). Image analysis in this case involved correlation averaging, a
procedure which corrects for lattice disorder in imperfect planar crystals
(Saxton, 1980; Frank, 1982). A Fourier average of a locally well-ordered part
of'an array was cross-correlated with the entire membrane. Peaks occur in the
resulting cross-correlation function wherever there is a close match between
the field and the Fourier-filtered reference. The projected density map of
Fig. 3 was obtained by summation of small areas windowed from the field at
these peak positions. The six channel positions in the unit cell are occupied
by protein (high density) subunits surrounded by lipid (low-density). Each
subunit is shaped like a “C”, with an arm extending from a dense locus.
Comparison of this unstained average with negative-stain averages indicates
that the pore is located in the less-dense region inside each “C.” The channel
interior is not better defined because of the low effective resolution of this
average, between 2.5 and 3nm.
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Experiments are in progress to improve the resolution in averaged
projections of frozen-hydrated crystalline VDAC, to be followed by three-
dimensional reconstruction of the channels in both the P and R arrays. Since
the two polymorphs appear to represent open and closed states of the
channel, comparison of the three-dimensional structure of the VDAC protein
in both types of arrays may provide insight into the mechanism of closure of
this channel.

Number of VDAC Polypeptides per Channel

In addition to indicating the shape of the protein subunits of VDAC, the
moderate-resolution projected density map of Fig. 3 can be used to estimate
the relative surface area occupied by protein and lipid in the P array. In
Fig. 3, protein and lipid are demarcated at the density level in the contour
map at which the protein subunits within the unit cell begin to touch. For this
choice of protein outline, 48% of the surface area of the array is occupied by
lipid. The volume occupied by protein within one unit cell of the P array can
then be estimated from the known lattice parameters assuming (1) the
channel height is equal to that of the bilayer, Snm, based on structural
evidence and the insensitivity of the protein to protease (Mannella, 1981;
Mannella et al., 1986; Freitag et al., 1982); (2) channel shape is uniform in the
transverse direction; and (3) the interior aqueous compartment of each
channel in the P array is a right circular cylinder of diameter 2.0-2.5nm
(Mannella et al., 1984, 1986). Under these assumptions, the total volume
occupied by protein in the unit cell of the P array is 255 + 26 nm’. The
partial specific volume of the 31-kDa fungal VDAC polypeptide can be
estimated from its amino acid composition (Freitag et al., 1982) to be
0.736 cm®/g (Cohn and Edsall, 1943). It is then a simple matter to calculate
that, within the framework of the above estimates, there are 6.7 + 0.7
VDAC polypeptides per unit cell in the P array—or very nearly 1 polypeptide
per channel opening.

Maodel studies indicate that a single yeast VDAC polypeptide is sufficient
to form a channel with dimensions like those expected for VDAC (Forte
et al., 1987). Results of hydrodynamic experiments indicate that deter-
gent extracts of rat-liver VDAC contain primarily dimers of the 31-kDa
polypeptide (Linden and Gellerfors, 1983). Since such extracts show
exclusively single-channel insertions in bilayers, this suggests that the func-
tional unit of rat-liver VDAC is a dimer. These results raise the possibility
that, despite functional similarities, there may be fundamental structural
differences between VDAC of fungi and mammals (sce Mannella et al.,
1984).
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