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New Insights into the Mechanism of Permeation through Large Channels
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ABSTRACT The mitochondrial channel, VDAC, regulates metabolite flux across the outer membrane. The open conformation
has a higher conductance and anionic selectivity, whereas closed states prefer cations and exclude metabolites. In this study
five mutations were introduced into mouse VDAC2 to neutralize the voltage sensor. Inserted into planar membranes, mutant
channels lack voltage gating, have a lower conductance, demonstrate cationic selectivity, and, surprisingly, are still permeable
to ATP. The estimated ATP flux through the mutant is comparable to that for wild-type VDAC2. The outer membranes of
mitochondria containing the mutant are permeable to NADH and ADP/ATP. Both experiments support the counterintuitive
conclusion that converting a channel from an anionic to a cationic preference does not substantially influence the flux of
negatively charged metabolites. This finding supports our previous proposal that ATP translocation through VDAC is facilitated

by a set of specific interactions between ATP and the channel wall.

INTRODUCTION

VDAC is known as the major pathway for metabolite flux
across the mitochondrial outer membrane (MOM) (1-5).
This 30-32 kDa protein forms large channels with a mo-
lecular weight cutoff of up to 5000 for nonelectrolytes in the
fully open state (6). VDAC has a single open and multiple
low-conducting closed states. The diameter of the pore is ~3
nm in the open and 1.8 nm in the closed state based on non-
electrolyte flux and electron microscopic observations of
negatively stained two-dimensional crystals (3,7,8). One
proposed secondary structure model includes one «-helix
and 13 B-strands (9). These 14 elements form a barrel-like
transmembrane structure that is tilted at a 45° angle (10).

VDAC from different eukaryotic species share highly
conserved electrophysiological properties in vitro (11), in-
cluding single channel conductance, voltage gating, and ionic
selectivity. The open state is characterized by higher con-
ductance (~4 nS in 1 M KCl) and weak anionic selectivity (2:1
in favor of Cl~ over K" in a 10-fold KCI gradient). Closed
states of VDAC have lower conductance (~50-60% reduction
compared to the open state) and cationic selectivity. Transition
between the open and closed states is voltage dependent and is
the result of the motion of the positively charged voltage sensor
(12). At low voltages (<30 mV) this mobile domain forms part
of the channel wall, which contributes to the anionic selectivity
of the open state. At high voltages the voltage sensor moves
out of the lumen of the channel causing channel closure and
a switch to cationic selectivity. The voltage dependence has a
symmetrical character referring to the sign of the applied
voltage (1,13).

Whereas VDAC demonstrates only slight ionic prefer-
ence in the presence of small ions, the permeability of the
open and closed states to metabolites or large anions is
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dramatically different. Direct measurements of ATP flux
have determined that ATP can penetrate through VDAC in
the open state, however, it becomes virtually impermeant
upon closure of the channel (14). Although the effective di-
ameter of the ATP molecule is only 0.96 nm (calculated from
the diffusion coefficient from Rostovtseva et al. (15)), this
metabolite cannot pass through the closed state (1.8 nm in
diameter). Simple electrostatic repulsion from the channel
wall is thought to account for this impermeability.

In previous work we found that the open state of VDAC
demonstrates another type of selectivity (15-17). The pene-
tration of large negatively charged molecules through VDAC
was monitored by measuring the interference of those
substrates to the flow of small ions. This interference can
result in two observables: an increase in the current noise and
a reduction of the single channel conductance. The current
noise increases because as the larger ion moves in and out
of the channel it alters the current flow through the channel
causing current fluctuations, i.e., current noise. The same
phenomenon should be responsible for the reduced time-
averaged conductance. Among nucleotides (NADPH,
NADH, NAD, ATP, ADP, AMP, UTP) the ability to reduce
the single channel conductance was very similar, however,
the ability to generate current noise exhibited a strong de-
pendence on the nucleotide base. These observations led us
to propose the existence of a nucleotide-binding site within
the channel lumen that recognizes purine-containing nucleo-
tides. The reduction in conductance was proposed to be the
result of the channel-penetrating ions and this contributed
very little to the current noise. The binding of the nucleotide
to the site altered the selectivity of the channel resulting in
large current changes and thus large current noise.

The same experimental approach revealed the ability of
VDAC to differentiate between metabolites and synthetic
molecules. Synthetic anions such as tetraglutamate and
1-hydropyrene-3,6,8-trisulfate, which have an effective size
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and charge comparable to ATP, did not interfere with the
flux of small ions, indicating that these ions could not per-
meate through VDAC. Noise analysis also did not pro-
vide any evidence for the penetration of these molecules into
the channel. This set of experiments showed that VDAC has
a special type of selectivity for large anions. This selectivity
is based on the shape of the molecule and charge distribution
rather than just charge and effective size.

In this work we demonstrate that the permeability of
VDAC to metabolites is defined by a specific interaction
between metabolites and the channel wall rather than by the
overall charge of the channel lumen.

MATERIALS AND METHODS
Preparation of yeast cells

M3 (MAT« lys2 his4 trpl ade2 leu2 ura3) is the parental wild-type strain
(with respect to PORI). M22-2 (Aporl) lacks PORI due to the insertion of
the yeast LEU2 gene at the POR/ locus (18). To generate a wild-type mouse
VDAC2 (mVDAC?2) yeast shuttle vector, oligonucleotide-directed muta-
genesis was used to create a Ncol site at the start codon and a Nsil site within
the 3’ untranslated region. This allowed for the complete open reading
frame of the mVDAC?2 cDNA to precisely replace the yeast VDAC1 gene
previously subcloned into a single-copy yeast shuttle vector (pSEYCS58), as
described (19), placing expression of the engineered gene under the control
on the endogenous transcriptional control elements. For site-directed
mutagenesis of individual amino acids, oligonucleotide primers were
designed according to the desired amino acid substitution. The sequences
of the oligonucleotides are listed in Table 1. PCR-based mutagenesis was
performed using a commercial kit following the manufacturer’s protocol
(QuickChange XL site-directed mutagenesis, Stratagene, La Jolla, CA).
Each substitution was created sequentially and confirmed by DNA
sequencing. The relevant mutant mVDAC2 (K19E-K31E-K60E-K95E-
D227K) was introduced into M22-2 using a shuttle vector, as previously
described (19).

To facilitate cell growth and harvesting, stock cultures were prepared
(following Lee et al. (4)) by inoculating a single colony into 50 ml of
medium consisting of 335 mg of Difco yeast nitrogen base without amino
acids (No. 291940, Becton, Dickinson and Company, Sparks, MD), 50 mg
of KH,POy,, 38.5 mg of CSM-URA (No. 4511-222, complete supplement
mixture minus Uracil; Q-BIOgene, Carlsbad, CA), and 1 ml of 85% lactic

TABLE 1 Oligonucleotides used to generate the amino
acid substitutions

Primer name Sequence

K19E For cagagacattttcaacgaaggatttggctttgg
K19E Rev ccaaagccaaatcctfegttgaaaatgtetctg
K31E For getggatgtggaaacgaagtcatgecageggtatgg
K31E Rev caccgctgeatgacttcgttfccacatccage
K60E For gegggaccttggagaccgaatacaaatggigte
K60E Rev cacaccatttgtatfcggtctccaaggtcecgetaa
KO95E For tgtcaaggtttggaactgacttttgacaccacc
K95E Rev ggtggtetcaaaagtcagtfccaaaccttgac
D99K For actgacttttaaaaccaccttttcaccgaacacagg
D99K Rev cctgtgttcggtgaaaaggtggtiftaaaagtcag
D127K For cctcggetgtaaagttgactttgattttge

D127K Rev ccagcaaaatcaaagtcaactffacagccgagg
D227K For ctaaataccagttgaaacctactgcttctatctctge
D227K Rev gcagagatagaagcagtaggfttcaactggtatttage
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acid. The medium was adjusted to pH 5.5 by adding of solid KOH.
Autoclaving time and temperature were reduced (110°C, 15 min) to mini-
mize pH drop and achieve good growth characteristics. When the cells
reached an optical density of between 0.7 and 0.9 O.D. (at 600 nm) they
were stored at 4°C for later use. For mitochondrial isolation, 9 ml of yeast
stock solution were inoculated into each of two flasks containing 1 liter of
the same medium and grown with orbital shaking at 30°C. A final O.D.
between 0.7 and 0.9 gave ~4-5 g of cells.

Isolation of intact yeast mitochondria

Mitochondria were isolated from Saccharomyces cerevisiae essentially as
published (20), but modified as previously described (4) to obtain highly
intact mitochondria. The final mitochondrial pellet was suspended in ~1 ml
of medium containing 0.6 M mannitol, 10 mM TriseCl, 0.6% PVP, 0.1 mM
EGTA, and 0.1% BSA, pH 7.2. Mitochondrial protein was measured by
the method of Clarke (21). The protein concentration in mitochondrial
suspension was 10-15 mg/ml.

Assessing MOM integrity

The integrity of the MOM of purified mitochondria was determined based on
the rate of cytochrome-c-dependent oxygen consumption (22). Exogenously
added cytochrome ¢ should reach the mitochondrial inner membrane to be
oxidized by cytochrome ¢ oxidase. In this case, the outer membrane serves
as a barrier for the reaction. The rates of oxygen consumption for intact
(Vintact) and osmotically shocked mitochondria (Vgisrupiea) Were compared
and the percentage of intact mitochondrial was calculated as follows:

- Uinlact/vdisrumed) X 100

Osmotic shock was applied by mixing of 40 ul of mitochondrial
suspension with 1.5 ml of water, incubating for 3 min, and further addition
of the double concentrated respiration buffer (1.3 M sucrose, 20 mM
HEPES, 20 mM KH,PO,, 10 mM KCl, 10 mM MgCl,, pH 7.2) to restore the
initial osmotic pressure.

Oxygen consumption was measured by using a Clark oxygen electrode.
An aliquot of ascorbate (50 ul of 0.48 M) was added to the 3-ml volume of
R-medium (0.65 M sucrose, 10 mM HEPES, 10 mM KH,PO,4, 5 mM KCl,
5 mM MgCl,, pH 7.2) containing either intact or disrupted mitochondria
to maintain the cytochrome c in the reduced form. The addition of 180 ug of
cytochrome ¢ was used to induce oxygen consumption. Finally, an aliquot of
KCN (0.2 mM final) was used to block cytochrome ¢ oxidase and determine
the level of KCN-independent respiration.

Integrity of mitochondria varied from 78 to 86%.

% intact = (1

Measurements of outer membrane permeability
Permeability to NADH

To determine MOM permeability we used the method previously reported
(4) for yeast mitochondria. NADH added to isolated yeast mitochondria is
oxidized primarily by an NADH dehydrogenase located on the outer surface
of the inner membrane (23). The rate of NADH oxidation can be limited by
the flux of NADH through the MOM.

The permeability of the MOM to NADH was determined by assuming
that the rate of NADH oxidation for intact mitochondria is identical to the net
flux of NADH through the membrane and dividing this rate by the
concentration difference of NADH across the membrane. The medium
NADH concentration was monitored directly by measuring the absorbance
at 340 nm. The intermembrane space NADH concentration was estimated
from the oxidation rate of shocked mitochondria. We assumed that: i), in the
disrupted mitochondria the NADH concentration in the intermembrane
space is the same as in the medium; and ii), the same local NADH
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concentration in the vicinity of the dehydrogenase results in the same
oxidation rate. Thus, the NADH concentration in the intermembrane space is
the same as the concentration needed to achieve the same oxidation rate in
disrupted mitochondria. At low NADH concentrations the calculated
permeability values are not meaningful because the concentration differ-
ences are insignificant when compared to the noise.

Samples of intact mitochondria were prepared by 10-fold dilution of the
mitochondrial suspension (0.7-3.0 mg/ml of total protein) with R-medium.
Disrupted mitochondria were obtained by using a mild osmotic shock as
previously described (4). One volume of mitochondrial suspension was
mixed with 2 vol of distilled water and incubated in ice for 10 min. Then, 5
vol of R-medium and 2 vol of double concentrated R-medium were added to
restore the initial osmotic pressure. The uncoupler, FCCP (3 uM final
concentration), was added to both intact and shocked mitochondrial samples
to ensure that the membrane potential would not inhibit the rate of NADH
oxidation. An aliquot of NADH (30 uM final concentration) was added to
start the reaction.

Permeability to ADP/ATP

To estimate the permeability of the intact MOM to ADP/ATP we used
a method similar to that described for NADH. The flux of ADP/ATP across
MOM was determined by comparing the activity of adenylate kinase in
suspensions of intact and osmotically shocked mitochondria. The intermem-
brane space enzyme adenylate kinase was assayed by a standard method (24),
using a coupled enzyme system (hexokinase and glucose-6-phosphate
dehydrogenase) and detecting the rate of NADP™" reduction.

Like NADH, access of externally added ADP to the intermembrane space
may be limited by the permeability of the MOM. The consumption of ADP
can be indirectly determined by the rate of the reduction of externally added
NADP*. Two molecules of ADP enter the intermembrane space through the
outer membrane and are transformed by adenylate kinase to ATP and AMP.
ATP must cross the outer membrane to be consumed by the coupled enzyme
system (hexokinase and glucose-6-phosphate dehydrogenase) and glucose to
produce NADPH (monitored at 340 nm). ATP cannot move to the matrix
because the adenine nucleotide translocator was blocked by atractyloside (20
pg/ml final concentration). Oxidation of NADPH was blocked by the use of
CN™ (0.2 mM).

A similar approach to that used for NADH was used to calculate the
permeability of the MOM to ADP/ATP. However, the situation is more
complex because adenylate kinase is located in the intermembrane space and
the added enzymes are in the medium. Thus, at steady state the overall rate of
NADPH production must be equal to net efflux of ATP from the
mitochondrion to the medium and equal to one half the net flux of ADP
into the mitochondrion (reflecting the stoichiometry of adenylate kinase).
The [ADP] is known because it must be the initial concentration minus the
[NADPH] that is measured continuously. The [ADP] in the intermembrane
space required to maintain the correct ADP flux is not known. The medium
[ATP] should be very low because of the action of hexokinase. Again, the
[ATP] in the intermembrane space needed to achieve the correct flux of ATP is
not known. However, the rate of adenylate kinase activity, which must be the
same as the rate of NADPH production, will be reduced by the presence of ATP
in the intermembrane space, as dictated by the known kinetics of the enzyme.
We determined the [ATP] in the intermembrane space by measuring the
reduction of the rate of NADPH production when the MOM is intact. We
assumed that when the MOM is disrupted hexokinase maintains the [ATP] near
Zero.

Kinetic studies of yeast adenylate kinase (25) have shown that the
reaction is limited by the rate of conversion of the enzyme from E-ADP; to
E-AMP-ATP. Thus, we were able to assume that the binding steps in the
adenylate kinase reaction were at equilibrium. We established a spreadsheet
to model the adenylate kinase reaction and constrained it using the published
Vmax and K, values for the forward and reverse reactions (K pp = 2.7 X
107* M, Kamp = 5.8 X 107> M, and Kap = 5.4 X 107 M; Vyeyerse = 2.14
X Viorward)- We further assumed independence of the binding constants of
all substrates. The model yielded the following binding constants: kapp =
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6.0 X 10> M, kamp = 4.5 X 10* M, and karp = 4.5 X 10* M. The model
then was used to determine the [ATP] that would cause the observed
reduction in the adenylate kinase reaction rate.

Samples of intact mitochondria were prepared by 40-fold dilution of the
mitochondrial suspension (10-14 mg/ml of total protein) with A-medium
(0.6 M sucrose, 50 mM TriseCl, 5 mM MgSO,, 10 mM glucose, 0.2 mM
NADP*, 20 ug/ml atractylosides, 0.2 mM KCN, pH 7.5). Disrupted
mitochondria were obtained by using a mild osmotic shock. One volume of
mitochondrial suspension was mixed with 9 vol of distilled water and
incubated in ice for 5 min. Ten volumes of double concentrated A-medium
and 20 vol of A-medium were then added to restore the initial osmotic
pressure. An aliquot containing ADP (250 uM final concentration),
hexokinase, and glucose-6-phosphate dehydrogenase (10 units each) was
added to start the reaction.

Purification of the mVDAC2 mutant

The mVDAC2 mutant was isolated from mitochondrial membranes and
purified according to standard methods (26,27). The final mitochondrial
suspension was hypotonically shocked in 1 mM KCl, 1 mM HEPES, pH 7.5,
to disrupt the mitochondrial membranes and release soluble proteins. The
membranes were sedimented at 24,000 X g for 20 min. The pellet was
resuspended in a buffer consisting of 15% DMSO, 2.5% Triton X-100, 50
mM KCl, 10 mM TriseCl, 1 mM EDTA, pH 7.0, and sedimented in a
microcentrifuge at 14,000 rpm for 30 min. The supernatant was passed
through a column containing a 1:1 mixture of hydroxyapatite/celite that, at
low ionic strength, binds most proteins but allows VDAC to flow through.
Samples of mutant VDAC were stored at —85°C for the future use.

Channel conductance measurements

Planar membranes were formed from monolayers made from a solution
containing 0.5% of diphytanoylphosphatidylcholine, 0.5% of asolectin-
soybean phospholipid (both from Avanti Polar Lipids, Alabaster, AL) and
0.1% cholesterol (Sigma, St. Louis, MO) in hexane. The two monolayers
form a bilayer membrane across a 70-90-um diameter aperture in a 15-um-
thick Teflon partition that separates two chambers (modified Montal and
Mueller technique (28)). The total capacitance is typically 70-80 pF and the
film capacitance is 30-35 pF. Aqueous solutions of 1.0 M or 0.10 M NaCl or
KCl, 1 mM MgCl, 1 mM CaCl, were buffered with 5 mM HEPES at pH
7.0. All measurements were made at room temperature.

Channel insertion was achieved by adding of 0.2-2.0 ul of a 2.5% Triton
X-100 solution of purified mVDAC2 mutant protein to the 2.5-ml aqueous
phase in the “‘cis’’ compartment while stirring.

The membrane potential was maintained using Ag/AgCl electrodes with
3.0 M KCl, 15% agarose bridges assembled within standard 200 ul pipette
tips (29). The potential is defined as positive when it is greater on the side of
protein addition (cis). The current was amplified by an Axopatch 200B
amplifier (Axon Instruments, Foster City, CA) set to the voltage clamp mode.

The change in the conductance of mVDAC2 mutant protein upon
addition of ATP was studied as previously described (15). After single
channel parameters were recorded, membrane-bathing solutions in both
compartments were replaced by the same solutions containing ATP. The fresh,
denser solution was added to the bottom of the chamber and the old solution
was removed from the top. This procedure allows for the detection of the effect
of nucleotide on the same channel.

Reversal potential measurements

The reversal or zero-current potential was measured to assess the selectivity
in single or multichannel membranes. The reversal potential of an ideally
cation-selective membrane was found by measuring the reversal potential of
a synthetic ion exchange membrane under identical conditions. Because the
same electrodes and the same solutions were used to record reversal



Insights into lon Permeation

potentials for ideally cation-selective membranes and the VDAC-doped
membranes, electrode asymmetries and liquid junction potentials influence
both sets of measurements identically.

We used a 10-fold gradient of KCI, 1.0 M cis and 0.10 M trans, plus
HEPES as above, and a fourfold gradient of disodium ATP salt (SigmaUltra,
Sigma-Aldrich, St. Louis, MO) adjusted to pH 7.0 with NaOH. An aliquot of
a solution containing the mVDAC2 mutant protein was added to the side
with the higher concentration. Results are expressed as mean * SD.

Quantifying purified mVDAC2 protein

To compare the levels of expression of wild-type and mutant mVDAC2 we
used standard SDS-page electrophoresis procedure (30). Both wild-type and
mutant proteins were purified from the equal amounts of mitochondria
(measured by total protein concentration). After the addition of concentrated
sample buffer, samples were separated on a 10% acrylamide gel
supplemented with 4 M urea and the bands stained with GelCode blue
stain (Pierce, Rockford, IL). Molecular weight standards were purchased
from Invitrogen (BenchMark Protein Ladder, No. 10747-012, Carlsbad,
CA). Densitometry was performed using the Alphalmager 2000 documents
and analysis system and Alphalmager 3.2 software (both from Alpha
Innotech, San Leandro, CA).

RESULTS

The initial purpose of this study was to obtain a voltage-
independent mutant form of the mVDAC2 isoform that
is constitutively impermeable to anionic metabolites. Five
amino acid substitutions were engineered into mVDAC2:
K19E, K31E, K60E, K95E, D227K (Fig. 1; the folding
pattern was generated by analogy with Neurospora crassa
VDAC (9)). The rationale for choosing these residues is as
follows. The first three mutations were designed to neutralize
the voltage sensor that is responsible for VDAC’s voltage
gating. This should keep the channel in the open conforma-
tion but reduce the net positive charge in the channel res-
ponsible for favoring the flux of anions. This mutant molecule
was expressed in a yeast strain lacking the endogenous
VDACI gene (Aporl). The Aporl strain is characterized by
a temperature-dependent growth-restrictive phenotype when
cultured on a nonfermentable carbon source such as glycerol;
cells are able to grow at 30°C, but not 37°C (18). It has pre-
viously been observed that mouse VDACs expressed in the
Aporl background rescue this conditional phenotype, al-
lowing for growth on glycerol at 37°C (19,31). However,
this mutated mVDAC?2, when expressed in the Apor! strain,
failed to rescue the conditionally growth-restrictive pheno-
type at 37°C, although it demonstrated normal growth at
30°C (results not shown).

The properties of the mutant mVDAC2 protein
resemble those of the closed state of VDAC

After isolation from yeast cells, the mouse VDAC2 mutant
was tested for its ability to form channels in planar phos-
pholipid membranes. Upon insertion, the mutant demon-
strated a lower conductance (2.1 = 0.1 m =7)nSin 1 M
KCI) than wild-type mVDAC2 (3.8 nS; Xu et al. (5)) and
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was able to gate in that the channel could close to a very low
conducting state but this closure did not depend on voltage
(Fig. 2 A). Lack of voltage-dependent gating was clearly
demonstrated by applying triangular voltage waves (Fig.
2 B). The rate of change of voltage with time used is very
similar to that typically used to examine the voltage de-
pendence of wild-type VDAC. The current-voltage relation
showed rectification, which would be expected if the charges
introduced were not arranged symmetrically along the length
of the channel. In addition, the mutant channel showed selec-
tivity for small cations (K™) over small anions (C17). The
reversal potential of —24.3 £ 1.4 (n = 7) mV (on the high
salt side) for a 10-fold salt gradient yields a permeability ratio,
based on Goldman-Hodgkin-Katz theory, of 4.1:1 in favor of
K ™. Also the mutant occasionally demonstrated fast gating at
low voltage (Fig. 2 C). Most of these properties resemble the
closed state of wild-type VDAC.

The mutant mVDAC2 protein is permeable to ATP

Fig. 3 shows a time course of the perfusion of the cis side
with an ATP solution (81 mM final), followed by a drop in
the channel conductance. The perfusion increased the con-
ductivity of the aqueous bulk electrolyte by 5%. This change
in the conductivity was best compensated for in experiments
where ATP was added symmetrically. In these experiments
the channel conductance dropped by ~20% relative to the
medium conductivity (from 2.1 to 1.7 nS). This indicates
that ATP interferes with the flow of small ions and thus enters
the channel lumen. Interestingly, the addition of the same
concentration of HPTS (1-hydroxypyrene-3,6,8-trisulfate),
which is a synthetic molecule with similar size and charge as
ATP that does not permeate through VDAC (17), did not
have any effect on the single channel conductance (data not
shown).

Measurements of the channel selectivity in the presence of
a sodium ATP salt gradient (200 vs. 50 mM) supported our
conclusion that the mutant is permeable to ATP. Membranes
containing the mutant channel had a reversal potential of
—20 = 1 (n =4) mV (Fig. 4), but control experiments with a
cation-selective membrane yielded a reversal potential of
—26 = 1 (n = 4) mV. Combining these values with the cur-
rent at zero voltage, we estimated the flux of ATP through
the mutant channel as 3.3 X 10° jons/s (see Appendix), and
this is comparable with the value for the wild-type VDAC
(32).

Expression of mutant mVDAC2 permeabilizes the
MOM to ATP and NADH

Fig. 5 illustrates the rate of NADH oxidation by intact
and osmotically shocked mitochondria when either mouse
VDAC?2 (A), the mutant (B), orno VDAC (APOR1) (C) were
expressed. In all cases the rate of NADH oxidation was
higher when the outer membrane was damaged (Fig.5, insets),
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