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ABSTRACT  Low-dose electron microscopic images have been recorded from membrane crystals of the mitochondrial, voltage-depen-
dent anion-selective channel, embedded in aurothioglucose. There is considerable variation in the high-resolution detail present in
correlation averages computed from these images. Correspondence analysis reveals three classes of “‘control’” averages, with main
components of variation involving projected size of the pores and density modulations around the pores and in the corners of the unit
cells away from the pores. Pretreatments that affect the functional state of the channel also affect the array averages. In particular, there
appears to be a general correlation between the expected effector-induced state (i.e., open and closed) and the projected diameter of

the channel lumens in the crystalline arrays.

INTRODUCTION

The mitochondrial outer membrane contains many cop-
ies of a voltage-dependent anion-selective channel
(VDAC, also called mitochondrial or eukaryotic porin)
(1-3). VDAC is very highly conductive at low mem-
brane potentials (4.5 nS in 1 M KCl at 0-10 mV) and
switches to lower conducting substates (~2 nS) in the
presence of higher membrane potentials or macromolec-
ular effectors (4, 5). By contrast, the “closed” states of
VDAC are cation selective and may be impermeable to
adenine nucleotides (6).

The ability to generate two-dimensional crystals of
this channel, by phospholipase A,-treatment of fungal
outer mitochondrial membranes (7, 8), has made possi-
ble structural studies using electron microscopy and
image processing (e.g., 9-11). The membrane crystals
obtained by this technique are usually collapsed cylindri-
cal tubes, 0.25-0.5 um wide and 0.5-1.0 um long, con-
taining several hundred coherent unit cells in each of the
two overlapped crystal layers. The small size of these
crystals limits the applicability of certain techniques,
such as electron diffraction. However, the phospholi-
pase/dialysis preparative method offers several practical
advantages over reconstitution procedures and may be
expected to be minimally perturbing to protein structure
because detergent extraction is not involved. Resolution
in correlation averages computed from low-dose projec-
tion images of frozen-hydrated VDAC crystals prepared
in this way approaches 1.0 nm (12).

There are several polymorphic forms of crystalline
VDAC (8, 9, 13), most of which are parallelogram arrays
with six transmembrane pores in one unit cell. Each pore
is probably formed by a single 31-kD VDAC polypeptide
(11, 14). In the most commonly observed array (called
“oblique™), there is an angle of 109 + 1.0° between the a
and b lattice vectors, which are 13.3 and 11.5 nm long,
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respectively. Lateral phase transitions may occur in the
oblique crystals, corresponding (primarily) to sliding of
the rows of the array along the a direction such that the
lattice angle decreases to 99-100°. Interestingly, this con-
traction of the VDAC lattice can be produced by a syn-
thetic polymer that induces closure of the channel (4,
10). This suggests a possible correlation between the
structural states represented by the oblique and con-
tracted polymorphs of crystalline VDAC and functional
states of this channel. Other effectors of the VDAC chan-
nel are high pH and aluminum (15, 16), both of which
tend to inhibit voltage-dependent closure.

Low-resolution three-dimensional reconstructions of
the VDAC channel have been computed from tilt-series
projections of VDAC arrays embedded in uranyl acetate
(17, also C. A. Mannella, unpublished observations).
The pore lumens in the unit cell of the oblique arrays
span the membrane separately and do not merge into
larger openings on one side, as do the channels in the
bacterial porin trimer (18). However, the low resolution
of these reconstructions (2.5 nm in the crystal plane)
severely limits information about the size and shape of
the channel lumen. Also, there are concerns that positive
staining effects of metal salts may confuse the interpreta-
tion of two-dimensional and three-dimensional density
maps (9, 19).

We are exploring the use of alternative sugar-based
embedding media for obtaining high-resolution (i.e.,
better than 2 nm) projection images from phospholi-
pase-induced VDAC crystals. Because three-dimen-
sional reconstruction from such radiation-sensitive speci-
mens will require the use of numerous projections from
many different crystals, important questions must be an-
swered regarding the reproducibility of images from dif-
ferent crystals. Poor results have been obtained so far
with both glucose and tannic acid (20). Resolution in
correlation averages of low-dose images of VDAC arrays
embedded in either medium at room or liquid-nitrogen
temperature does not exceed 2 nm. (This may reflect, in
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part, difficulties in correcting for lattice disorder in very
low contrast images with correlation techniques.) An-
other embedding medium being tried is aurothioglucose,
a molecule of glucose containing a single covalently
bound gold atom (10, 21). Like other sugars, aurothioglu-
cose should preserve biological structure well, with the
numerous hydroxyl groups on the glucose moiety pro-
viding a water-like environment for membrane proteins
and lipids. At the same time, the single gold atom in the
aurothioglucose molecule provides contrast interme-
diate between that of heavy-metal salts and metal-free
sugars.

The work presented in this report examines the useful-
ness of aurothioglucose embedding for obtaining repro-
ducible high-resolution images of membrane crystals of
the VDAC channel. A set of axial projection images of
oblique VDAC arrays has been obtained with resolution
better than 2.0 nm and subjected to multivariate statisti-
cal analysis to determine the nature of systematic varia-
tions in the images.

MATERIALS AND METHODS
Membrane crystal preparation

Outer membranes were isolated from mitochondria of the fungus
Neurospora crassa (FGSC 326) by hypoosmotic lysis and sucrose gra-
dient centrifugation (22). Crystallization of the VDAC channel protein
in the plane of these membranes was carried out by the phospholipase
A,/dialysis technique first described by Mannella (7). Sucrose gradient
fractions containing freshly isolated mitochondrial outer membranes
were pooled and diluted to ~5 ug protein/ml. Bee-venom phospholi-
pase A, (Sigma Chemical Co., St. Louis, MO) was added to the diluted
mitochondrial outer membranes at final concentrations of 0.2-2 units/
ml. These membrane fractions were then dialyzed against a large vol-
ume of low-salt buffer (10 mM tris(hydroxymethyl)-aminomethane-
HCl, 1 mM sodium ethylenediaminetetraacetate, pH 7.0) in the cold
for 18 h. Afterward, the membranes were centrifuged at 19,000 rpm for
60 min in a SW28 rotor (Beckman Instruments, Inc., Palo Alto, CA)
and resuspended in a small volume of low-salt buffer to a final protein
concentration of ~0.2 mg/ml.

Electron microscopy: specimen
preparation and image recording

In general, specimens were prepared for electron microscopic examina-
tion by depositing small (5-10 l) aliquots of membrane suspension on
freshly glow-discharged, carbon-coated, 400-mesh specimen grids.
After 2 min, the grids were blotted with filter paper, washed with low-
salt buffer containing 1 or 2% aurothioglucose (Sigma Chemical Co.),
and air dried. For some specimens, the membranes were suspended in
effector-containing buffers before embedding in aurothioglucose.
These pretreatments included (a) low-salt buffer containing 5 uM of
the polyanionic effector, poly-(methacrylate, maleate, styrene), pH 7.0,
for 20 or 60 min; (b) low-salt buffer containing 50 uM AICl;, pH 7.0,
for 60 min; and (c) low-salt buffer, pH 10, for 60 min. The polyanion
was a generous gift of T. Konig (Semmelweis University Medical
School, Budapest, Hungary) and M. Colombini (University of Mary-
land, College Park, MD).

All specimens were examined using an electron microscope (model
EM420-T; Philips Electronic Instruments, Inc., Mahwah, NJ) operated
at an accelerating voltage of 100 kV. Images were recorded on film
(SO163; Eastman Kodak Co., Rochester, NY) at instrument magnifi-
cation 36,000, using exposures of 0.5-1 s with objective aperture of 50

um and objective lens defocus of —150 to —300 nm. A low-dose unit
(model 6587; Philips Electronic Instruments, Inc.) was used that allows
focusing and astigmatism corrections to be made on fields adjacent to
those being recorded. Because of the high percentage of tubular VDAC
arrays in the membrane preparations used, specimen fields could be
recorded “blind,” i.e., with no preirradiation. Film developing condi-
tions were used that permitted image recording at a total dose of ~20
electrons/A? (9).

Image processing

Micrographs of well-ordered VDAC arrays were selected by laser dif-
fraction, and crystalline areas were digitized with a flatbed scanning
microdensitometer (PDS 1010A; Perkin-Elmer Corp., Garden Grove,
CA). A 16.7-um-square scanning aperture was used, corresponding to a
sampling distance of 0.47 nm. Processing of digitized images of VDAC
arrays was done with the SPIDER system (23) implemented on graph-
ics workstations (VAXstations 3500 and 3100; Digital Equipment
Corp., Marlboro, MA). Projections of individual layers in the collapsed
cylindrical membrane crystals were averaged by a procedure (9) that
uses quasioptical Fourier-filtration (24) to compute a preltminary aver-
age, which is subsequently used as a reference for correlation analysis
(25-27).

A subfield (linear dimensions 256 X 256 or smaller) of an array
image is padded into a 512 X 512 square field and its Fourier transform
computed. An interactive procedure is used to select reflections asso-
ciated with the reciprocal lattice of one crystal layer in the computed
diffraction pattern (Fourier power spectrum; see Fig. 1 B). This lattice
is refined and used to construct a mask that passes only those Fourier
coefficients that fall on the lattice. Inverse transformation of the
masked transform yields an average projection of the respective layer of
the channel array. A 64 X 64 area is selected from the Fourier-filtered
crystal layer, containing a centered hexameric repeating unit
surrounded by about one-half unit cell in each direction (see Fig. 1).
This reference is cross-correlated with the entire unfiltered field, after
padding both reference and image into a 2" X 2" matrix, where 2" is
greater or equal to the larger dimension of the unfiltered field. The
resulting cross-correlation function contains maxima at locations in
the raw image where there is a strong match with the reference. A
peak-search program is applied to the cross-correlation function to de-
termine the precise coordinates of the centers of the maxima (28),
which in turn are stored in a data file in order of peak height. A map of
these peak positions is computed and displayed, and obviously off-lat-
tice points are identified and removed from the “peak coordinate” file
by an interactive procedure. The final “correlation average” is formed
by addition of 64 X 64 areas extracted from the raw image at the exact
positions specified by the revised peak coordinate file, using bilinear
interpolation.

To compare projections from different membrane crystals, the
correlation averages are aligned by the following procedures. First, the
linear dimensions of each square average are increased (to improve
alignment precision and correct for slight differences in magnification)
by bilinear interpolation to 128(a*/a%k,), where ak; is the reciprocal
lattice dimension of the image in the set with the largest a vector. (Ac-
tual deviations in refined lattice parameters of the crystals included in
the data set were slight: b*/a*, 1.138 + 0.026; v, 109.1 + 1.2°.) After
windowing each average to 128 X 128, one of the two possible choices
of lattice handedness is selected as reference, and those averages not
corresponding to that hand are mirrored. Next, each correlation aver-
age is centered on the diad axis at the middle of the channel hexamer,
which is located precisely by cross-correlating the average with itself
after 180° rotation. Each average is then added to its 180°-rotated
version to enforce p2 symmetry. Finally, the averages are rotationally
aligned using autocorrelation functions (29). In the first alignment cy-
cle, a member of the data set is used as reference. An average is then
made of the aligned data set and is used as a reference for a second
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FIGURE 1 (A) Electron micrograph of an aurothioglucose-embedded mitochondrial outer membrane containing an “oblique” crystalline array of
the VDAC channel. Arrow points to colloidal gold particles that were included as focusing aids in some specimens. Bar, 0.1 gm. (B) Computed
diffraction pattern of a 120-nm-square region at the center of the membrane in A. The reflection indicated by the arrow occurs at 1/(1.67 nm). (C)
Correlation average of one crystal layer in the membrane of A computed over 500 unit cells. The central unit cell is outlined. Bar, 5 nm.

alignment cycle. (The alignment process usually converges after this
second cycle.)

Correspondence analysis, a form of multivariate statistical analysis,
was used to determine the systematic differences among different
correlation averages of the aurothioglucose-embedded VDAC arrays
(9, 30). Briefly, an image (correlation average), consisting of p pixels
after masking, is represented as a p-dimensional vector whose length in
each ith dimension is proportional to the optical density of the ith
pixel. The set of aligned images thus forms a “‘cloud” of points defined
in p-space by these vectors. Correspondence analysis determines the
orthogonal directions (factor axes) in p-space along which variance in
the “image cloud” is greatest.

RESULTS

Averaged projection images of
aurothioglucose-embedded
membrane crystals

As noted in the Introduction, it was found that low-dose
images could be recorded from aurothioglucose-embed-
ded membrane crystals of VDAC that yield correlation
averages whose resolution surpasses that achieved either
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with conventional negative stains or with glucose or tan-
nic acid. As expected, contrast in these images is inter-
mediate between that of images of membranes embed-
ded in metal salts and in metal-free sugars. Maxima in
Fourier power spectra of typical best correlation aver-
ages of aurothioglucose-embedded arrays extend out to
1/(1.3 nm), whereas the limit is about 1/(2.0 nm) for
arrays embedded in uranyl acetate (9) and in glucose or
tannic acid (20). (Correlation averages of unstained fro-
zen-hydrated membrane arrays [12] also may have reso-
lution better than 1/(2.0 nm), but such images are ob-
tained at a much lower frequency than with aurothioglu-
cose embedding.) Fig. 1 A is an electron micrograph of a
phospholipase A,-treated aurothioglucose-embedded
mitochondrial outer membrane containing two over-
lapped oblique VDAC arrays. The diffraction pattern
(Fourier power spectrum) computed from a 120-nm-
square field near the center of this image is presented in
Fig. 1 B. Reflections from both crystalline layers of the
folded vesicle are readily detectable in this pattern past
1/(1.7 nm). Fig. 1 C is a correlation average computed
from >500 unit cells in one of the crystalline layers in the
membrane of Fig. 1 4.

The unit cell in the oblique VDAC array contains six
dark (aurothioglucose-filled) channel lumens arranged
in a hexameric group with a central diad axis. These
lumens are the only feature routinely seen in averaged
projections of conventionally negatively stained VDAC
arrays (9). By contrast, the correlation average of Fig. 1 C
contains considerable detail (density modulations) out-
side of the six dark lumens. To determine the reproduc-
ibility of the detail in projection images from different
crystals, a set of 45 correlation averages (selected from
hundreds of images of aurothioglucose-embedded
VDAC crystals) was subjected to multivariate statistical
analysis (30). Criteria for selection of this data set in-
cluded consistent image defocus (—150 to —300 nm),
detectable maxima in Fourier power spectra of the corre-
lation averages past 1/(1.7 nm), and lattice parameters
close to the norm for oblique arrays (a = 13.3 nm; b =
11.5 nm; v = 109°; see Materials and Methods). Most of
the correlation averages included in the data set were
computed from images of membrane crystals embedded
under control conditions (i.e., 1 or 2% aurothioglucose,
pH 7.0, no pretreatment). Other averages were com-
puted from images of membrane crystals pretreated with
effectors of the channel (as described in Materials and
Methods). Pretreatments included incubation with a syn-
thetic amphiphilic polyanion that causes VDAC to close
at lower transmembrane potentials (4) and incubation
with an aluminum salt and exposure to elevated pH, two
conditions that inhibit voltage-dependent closure of the
channel (15, 16).

Fig. 2 is a gallery of the 45 correlation averages (com-
puted and aligned by the techniques described in Mate-
rials and Methods) of oblique VDAC arrays included in
this analysis. The legend to this figure indicates the exper-

imental conditions corresponding to each average. Even
a cursory look at this figure indicates considerable varia-
tion among the different image averages. Compare, for
example, the sizes of the dark (gold-filled) pore lumens
in the different averages. The projected diameters of
averages 27 and 28 are much larger than those of aver-
ages 1 and 3. Also, averages 9 and 43 have significant
densities at the corners between the unit cells but not
averages |1 and 3.

Correspondence analysis

To detect systematic trends in the observed variations in
these image averages, the data set was subjected to corre-
spondence analysis (30). First, the mask shown in Fig. 3
was applied to the averages. The mask encloses a circular
area (with a short Gaussian fall-off) containing one unit
cell (with 6 channels) and eight nearest-neighbor chan-
nels. In addition, the nearest-neighbor channels them-
selves are excluded by the masks. This was done so that
the subsequent analysis might ignore small displace-
ments of the nearest-neighbor channels (expected to
arise from the observed small deviations in lattice param-
eters among the averages in the data set) but still include
the corner regions between the unit cells (which ap-
peared to be a site of density vanation). The image aver-
ages were then scaled (minimum density 0, average den-
sity 1) and subjected to correspondence analysis. (Other
scaling criteria were also used [30, 31] but did not sub-
stantively change the results described below.)

A histogram of the interimage variance associated
with the first eight etgenvectors derived from correspon-
dence analysis of the set of 45 image averages is shown in
Fig. 4. Factors | and 2 account for 24 and 15%, respec-
tively, of the total interimage variance. These first two
factors stand out above the next six, which individually
include only 7-4% of the total variance. The large por-
tion of the total interimage variance represented by fac-
tors 1 and 2 (almost 40%) indicates that they describe
much of the systematic variation among the image aver-
ages. Therefore, the image cloud was projected onto the
plane defined by these factors. This two-dimensional pro-
jection map is provided in Fig. 5, in which the position of
each of the 45 image averages is indicated by its number
in Fig. 2. The experimental conditions used to pretreat
arrays are indicated by symbols around the image num-
bers, as explained in Fig. 5. At the end of each factor axis
in the projection map is an “importance image,” which
illustrates the components of variance represented by
that direction in image space. The first (most significant)
factor primarily involves the size of the accumulations of
aurothioglucose at the lumens of the six channels in the
central unit cell. (Arrays with wider pores fall on the left
side of the map and those with narrower pores fall on the
right side.) The second factor of correspondence analysis
has two components: first, the presence (bottom) or ab-
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FIGURE 2 Correlation averages of aurothioglucose-embedded “oblique” arrays of VDAC: (1-30) “control” arrays, (31-34) arrays pretreated with
the modulator polyanion, (35-40) arrays pretreated with aluminum chloride, (41-45) arrays pretreated at pH 10.




FIGURE 3 Mask applied to the image averages of Fig. 2 before corre-
spondence analysis.

sence (top) of density at the corners of the unit cells and
second, a slight displacement or shift of the centers of the
pores within the unit cell (indicated by the adjacent den-
sity maximum and minimum at each pore position in
the importance images). Importance images of the
higher order factors from this analysis were also exam-
ined. In general, these factors are more complex than the
first two, primarily involving small differences in the po-
sitions of various combinations of pores within the unit
cell. Projection of the image set along axes of the low-sig-
nificance factors does not reveal any systematic cluster-
ing (unlike results with the first 2 axes; see below), and so
these factors are not analyzed further in this report.

2s
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FIGURE 4 Histogram of the interimage variance associated with each
eigenvector in correspondence analysis of the 45 correlation averages
in Fig. 2.

FIGURE 5 Projection map of the image set onto the plane defined by
factors 1 and 2 of correspondence analysis. The array positions are
indicated by the numbers used in Fig. 2. Numbers corresponding to
arrays pretreated before embedding are enclosed by symbols: circles,
polyanion pretreated; squares, aluminum pretreated; diamonds, pH 10
pretreated. The three “control” clusters or classes are outlined and
labeled I, II, and III. The images at the end of each of the axes are the
respective “importance images” (see text).

Classes of control image averages

The image averages of the 30 control VDAC arrays fall
into three clusters or classes (labeled I, II, and III in Fig.
5) on the factor 1 vs. factor 2 projection map. Cluster
averages, formed by adding control averages in each of
the three clusters in this map, are presented in Fig. 6
A-C. Cluster averages I and III, which fall on opposite
sides of the first factor axis, differ greatly in mean pro-
jected diameter of the aurothioglucose accumulation at
the pores (~1.4 vs. 2.2 nm). Both cluster averages also
display subsidiary density modulations outside the auro-
thioglucose-filled pores. Several of the densities immedi-
ately adjacent to the pore lumens are present in both
cluster averages I and III. In addition, cluster average III
has “arms” of moderate density extending into the
corner regions between the channel hexamers in the
oblique array. (These features are also present in the im-
portance images at either end of the first factor axis in
Fig. 5.) The diameters of the projected pore lumens in
cluster average Il are ~1.7 nm, intermediate between
those of cluster averages I and III (consistent with the
intermediate location of cluster II along factor axis 1).
Cluster average II contains density modulations on the
periphery of the pore lumens that are more similar to
those of cluster average I than cluster average III and
additional dense features at the corners of the unit cells
not seen in either cluster average I or I11.
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FIGURE 6 Cluster or class averages of “control” VDAC arrays. (4) Class I aurothioglucose-embedded array average, with two of the prominent
dense features around the pore lumens indicated by arrowheads. (B) Class Il array average, with characteristic densities at the corners of the unit cell
indicated by arrowheads. (C) Class III array average. (D) Correlation average of a frozen-hydrated unstained VDAC array. The lateral interhexamer
“arms” are indicated by arrowheads in C and D. The circles in A-D enclose sites that are low density in A-C and high density in D. Bar, 10 nm.

Influence of channel effectors
on array averages

In addition to 30 control image averages, the data set
used for correspondence analysis includes another 15
averages of aurothioglucose-embedded arrays that had
been pretreated with effectors of the VDAC channel,
namely a synthetic amphiphilic polyanion, aluminum,
and high pH. The general effect of the pretreatments is to
cause averages of oblique arrays to fall outside the con-
trol clusters, although none of the effector-treated arrays
fall outside the limits of the projection map defined by
the control arrays. (In addition, two of the pretreatments
cause changes in the packing geometry of the channels in
the arrays. The polyanion induces lattice contraction
[10], whereas aluminum causes disordering of the arrays
[20]. Only correlation averages of well-ordered oblique
arrays are included in the present analysis.)

Seven image averages are included from a previously
reported experiment with a polyanionic modulator of

the channel (10). The control arrays from this experi-
ment (26-28 in Fig. 2) fall in cluster III, whereas the
“+polyanion” arrays (31-34) fall around cluster II.
Thus, it appears that the polyanion favors smaller pore
lumens and more density in the corners of the unit cell
(see Discussion). Eleven of the image averages in the full
data set come from two different experiments in which
VDAC membrane crystals were incubated with alumi-
num chloride. Four of the five control arrays (21-25) fall
in cluster I, whereas only two of the six “+aluminum”
arrays (35-40) fall in cluster 1. The other four +alumi-
num arrays are spread out between clusters I and III on
the upper half of the projection map. Finally, six of the
image averages in the data set are from an experiment in
which VDAC membrane crystals were incubated at pH
10 before embedding. The high pH arrays (41-45) fall
near cluster II, which contains a control array from this
experiment (30). Four of the five high pH arrays lie far-
ther to the left (big pore) side of the first factor axis than
eight of the nine control arrays in cluster II.
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DISCUSSION

Iinterpretation of images of control
VDAC arrays

There is considerable variation among projection images
obtained from VDAC arrays embedded in aurothioglu-
cose. Correspondence analysis reveals three classes of
control image averages, with main components of varia-
tion involving projected size of the pores and density
modulations around the pores and in the corners of the
unit cells away from the channel hexamers. No correla-
tion could be found between the distance of the arrays
along either factor axis 1 or 2 in the map of Fig. 5 and
slight differences in lattice parameters. Array distribu-
tion also does not depend on either handedness (i.e.,
whether the array corresponds to the top or bottom layer
of a collapsed crystalline vesicle) or initial concentration
of aurothioglucose (1 or 2%). Therefore, it seems un-
likely that the image variations may be associated with
variable embedding of the membranes in aurothioglu-
cose. Instead, the observed clustering of the array aver-
ages is found to correlate strongly with membrane crystal
preparation, i.e., control specimens prepared on a cer-
tain day tend to fall into the same cluster or class. The
occurrence of different classes of control averages of
VDAC crystals may indicate actual preparation-depen-
dent structural differences in the crystals, the underlying
causes of which are not now understood.

Some insight into interpretation of correlation aver-
ages of control aurothioglucose-embedded VDAC arrays
is provided by comparison with the correlation average
of an unstained frozen-hydrated array (Fig. 6 D) (12).
This image average corresponds to a map of the pro-
jected density of crystalline VDAC, i.e., low-density re-
gions (water and lipid) are white and protein is dark. The
most obvious difference between the aurothioglucose-
and vitreous-ice-embedded arrays occurs at the pore lu-
mens, which are dark (gold-filled) in Fig. 6 A-C and
white (water-filled) in Fig. 6 D. Aurothioglucose cluster
average III (Fig. 6 C) shows the closest overall similarity
with the frozen-hydrated array (Fig. 6 D); in particular,
in terms of pore size and the occurrence of “arms” of
moderate density in the regions between the channel
hexamers. By contrast, cluster average I has minimum
density in the interhexamer regions, whereas cluster
average II displays a more centrally located weak density
in the same regions. A striking difference between the
three aurothioglucose averages and that of the ice-em-
bedded array occurs on the periphery of the pores, i.e.,
strong density maxima between adjacent pores in Fig. 6
D correspond to density minima in Fig. 6 A-C. (These
positions are circled in Fig. 6.) This systematic difference
is consistent with the occurrence of protein protrusions
at these positions on the array’s surface. Such features
would be density maxima in images of unstained arrays
but would exclude aurothioglucose and so have mini-

mum density in images of aurothioglucose-embedded
arrays.

It appears from the preceding analysis that more than
one contrast mechanism is at work in forming high-reso-
lution images of aurothioglucose-embedded arrays. In
some ways, aurothioglucose behaves as a negative stain,
being accumulated in the pore lumens and excluded by
probable surface protrusions. At the same time, the simi-
larity between the dense arms in the class III and frozen-
hydrated averages is suggestive of positive contrast. The
apparent mixing of negative and positive contrast mecha-
nisms, also noted in an earlier study of aurothioglucose-
embedded bacterial surface layers (32), renders high-reso-
lution images of specimens embedded in aurothioglu-
cose (and other low-contrast sugar-metal mixtures)
difficult to interpret generally. Unambiguous interpreta-
tion of the two-dimensional averages in Fig. 6 A-C will
require three-dimensional reconstruction of both auro-
thioglucose- and ice-embedded VDAC arrays (research
in progress).

Interpretation of images of effector-
treated VDAC arrays

At first glance, the distribution of effector-pretreated
arrays in the correspondence analysis map of Fig. 5 ap-
pears somewhat random. However, because of the
above-noted preparation dependence of the array aver-
ages, effector-treated arrays should be compared with
control arrays from the same experiment. When this is
done, interesting trends are found. The polyanion that
induces channel closure “moves” the arrays from cluster
III to the right along factor axis 1, in the direction of
small pore size. By contrast, the two pretreatments that
inhibit pore closure (aluminum and high pH) cause the
arrays to distribute to the left of their respective control
images along the first factor axis, in the direction of big
pore size. These systematic differences indicate a correla-
tion between the expected functional size of the channel
(i.e., open and closed) and the projected diameter of the
channel lumens in the crystalline arrays. These results
suggest that it may be possible to lock or trap the arrays
into one or another structural state using effectors, per-
haps with longer incubations than used in these experi-
ments (60 min).

In a previous report of the effects of the polyanionic
modulator on membrane arrays of the VDAC channel,
difference images were formed between correlation aver-
ages of control and +polyanion oblique arrays to infer
the location of the polyanion (10). However, the simple
approach used to form difference images in the earlier
study is inadequate in light of the current results. For
such comparisons to be valid, they must be made be-
tween control and +effector image averages within the
same class (I, II, or III), otherwise difference images will
reflect interclass variations as well as variations that
might arise from the presence of a component not pres-
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FIGURE 7 Hypothetical mechanism (35) by which the observed de-
crease in size of the VDAC pore may be explained by movement of a
flexible arm from the bilayer to the lumen, which may be formed by a
B-barrel (see discussion in references 35 and 37).

ent in the controls. More recently, difference images (not
shown) have been computed between +polyanion array
averages and control averages within class II; these indi-
cate no statistically significant variations between the
arrays. Therefore, the tentative localization of the poly-
anion on the VDAC array in reference 10 is incorrect.
This raises the question of the nature of the extra density
observed in the class II array averages at the corners of
the unit cell. This region of the array recently has been
identified as the site of binding of amphiphilic polypep-
tides (33) and so may also bind the amphiphilic polyan-
ion, accounting for the extra density in this region. The
fact that some control VDAC arrays also have extra den-
sity at this site suggests that endogenous mitochondrial
components may be bound there in some preparations.
Candidates for such components include cytochrome c,
which has been shown to bind at this location on the
VDAC array (34), and an endogenous protein ‘“modula-
tor” that exerts similar effects on VDAC’s voltage depen-
dence as does the polyanion (5).

Correlation between pore size and the
presence of arms

The projected diameter of VDAC’s pore decreases from
2.2 to 1.4 nm between cluster averages I and III. It is
remarkable that this change in size is not associated with
a change in packing of the channels, as expected for a
major conformational change in the protein. One mecha-
nism by which VDAC’s pore diameter might signifi-
cantly decrease without a major rearrangement of lumen
structure would be by movement of an external part of
the protein into the lumen (35). Interestingly, the change
from large to small pore size along factor axis 1 correlates
with the disappearance of the dense arms that extend
laterally between the channels in class III and frozen-hy-
drated images. There is evidence that these arms repre-
sent amphiphilic a-helices formed by the NH,-terminal
segment of each VDAC polypeptide (36). It may be (as
diagrammed in Fig. 7) that the arms detach from the
bilayer under certain conditions and fall back on or into
the channel lumen, giving rise to the class I image that
has smaller pores than class III and no arms at the
corners of the unit cell.
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