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Selectivity Changes in Site-Directed M ~ t s  of the 
VDAC Ion Channel: Structural Implications 

The gene encoding the yeast mitochondrial outer membrane channel VDAC was 
subjected to site-directed mutagenesis to change amino acids at 29 positions to 
residues differing in charge from the wild-type sequence. The mutant genes were then 
expressed in yeast, and the physiological consequences of single and multiple amino 
acid changes were assessed after isolation and insertion of mutant channels into 
phospholipid bilayers. Selectivity changes were observed at 14 sites distributed 
throughout the length of the molecule. These sites are likely to define the position of 
the protein walls lining the aqueous pore and hence, the transmembrane segments. 
These results have been used to develop a model of the open state of the channel in 
which each polypeptide contributes 12 f3 strands and one cw helix to form the aqueous 
transmembrane pathway. 

v OLTAGE-GATED ION CHANNELS 

are a class of transmembrane pro- 
teins that form aqueous pores in 

cell membranes-pores that open and close 
in response to changes in transmembrane 
voltage and change the ionic permeability of 
the membrane. Although such channels 
have been studied primarily in neurons and 
muscle cells, they are involved in a wide 
variety of biological processes in many cell 
types (1, 2). Whereas the more extensively 
studied voltage-gated channels, Na+ and K+ 
channels for example, are high molecular 
weight protein complexes that form narrow 
aqueous pores, the mitochondrial voltage- 
dependent anion-selective channel (VDAC, 
also known as mitochondrial porin), forms a 
large voltage-gated pore (3, 4) with a rela- 
tively small amount of protein (5) ,  thus 
simplifying molecular studies and their in- 
terpretation. In addition, since VDAC is 
found in the yeast Saccharomyces cerevisiae (6) ,  
as well as in the outer mitochondrial mem- 
branes of organisms from all eukaryotic 
kingdoms ( 7 ) ,  it can be studied with the 
sophisticated molecular genetic techniques 
available in this unicellular eukaryote. We 
have used these techniques to probe the 
structure of the VDAC molecule and exam- 
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ine the molecular correlates of its biophysi- 
cal properties. 

The VDAC forms large, voltage-gated 
channels when incorporated into planar 
phospholipid membranes. It is believed to 
form the pathway through which metabolic 
intermediates [for example, adenosine tri- 
phosphate (ATP), adenosine diphosphate 
(ADP), and succinate] enter and leave the 
mitochondrion (4). Measurements of the 
pore size of VDAC by the Stokes-Einstein 
radius of the largest nonelectrolyte able to 
pass through the channel (8) and by electron 
microscopy of negatively stained channels 
(9) indicate that the pore is about 3 nm in 
diameter. The yeast protein that forms this 
channel consists of 283 amino acid residues 
(molecular weight, 29,883) (10, 11). The 
sequence is rather hydrophilic (45.5% 
charged and polar residues), which is con- 
sistent with it being a low molecular weight 
protein that forms a large aqueous pore with 
thin walls. It contains no hydrophobic re- 
gion long enough to span the bilayer as an a 
helix. The sequence contains many stretches 
of alternating hydrophobic and hydrophilic 
residues, which could form a P sheet with 
hydrophobic residues protruding on one 
side and hydrophilic residues on the other. 
This has led to a model of the VDAC 
channel as a P barrel consisting of a single 
layer of such a P sheet (1 1). By searching for 
the most likely transmembrane P strands, 12 
probable membrane-spanning stretches have 
been identified (12). The NHz-terminal 20 
residues of VDAC could form an amphi- 
pathic a helix typical of mitochondrial tar- 
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geting sequences (13). These residues are 
not cleaved in the mature VDAC protein. 

We constructed a yeast strain lacking the 
chromosomal copy of the VDAC gene by 
gene transplacement (14) (Fig. 1). The re- 
sulting strain (M22-2) could grow on non- 
fermentable carbon sources (glycerol) at 

30°C but not at 37°C. Others have also 
found that strains lacking the VDAC can 
grow on glycerol in a temperature-sensitive 
manner or after a delay period, perhaps due 
to the presence or induction of an alternate 
pathway for metabolites to enter and leave 
the mitochondrion (1 5, 16). Oligonucleo- 
tide-directed site-specific mutagenesis was 
used to introduce defined mutations into 29 
codons throughout the cloned VDAC gene 
both singly and in combinations (17, 18). 
The resulting mutant VDAC genes were 
introduced into the VDAC-deleted strain 
(M22-2) and mutant VDAC proteins were 
purified (19) from mitochondria1 mem- 
branes. The protein preparations contained 
a single band of approximately 30 kD (Fig. 

2) (20). All the mutant genes (except 
K234E), when introduced into the VDAC- 
deleted strain, restored the ability of cells to 
grow on glycerol at 37°C. Purified wild-type 
and mutant VDACs were introduced into 
planar phospholipid bilayers for biophysical 
analysis (21). 

The large pore size of VDAC indicates 
that small ions probably cross the membrane 
without intimate interaction with the walls 
of the channel. Thus, the weak anion selec- 
tivity of the channel (3, 7) is likely to be 
controlled by charges lining the channel's 
walls. The replacement of some of the posi- 
tive charges lining these walls by negative 
charges should reduce or even reverse 
VDACs selectivity. However, a change in 

'EN 

Table 1. Single-channel conductances and reversal potentials of VDAC point mutations. (A) Mutations 
affecting selectivity. (B) Mutations not affecting selectivity. VDAC proteins with the indicated 
mutations were isolated from yeast mitochondrial membranes and reversal potentials were determined 
as in Fig. 3. Multiple estimates of the reversal potential were made on each channel-containing 
membrane and these were averaged and considered as one observation. The number of observations 
refers to the number of different channel-containing membranes. A, The difference between the mutant 
and wild-type reversal potentials; A (mV) expected, for multiple mutations, the sums of the changes 
observed in the corresponding single mutations; and A per unit charge, the changes in reversal potential 
between mutant and wild type were divided by the change in charge induced by the mutation. Values 
are the means 2 SD, with the number of observations given in parentheses. 

rify VDAC 
%L!e 

*Insert into bilayer 

Species Single-channel 
conductance (nS) 

Reversal 
potential (mV) 

A (mV) 
expected 

A per 
unit charge 

A 
Wild type 
D15K 
K19E 
D30K 
K%E 
K61T 
K61E 
K65E 
K84E 
K95E 
R124E 
G179D 
m34Q 
K248E 
T256K 
D282K 
K19E,K61E 
K19E,K95E 
K19E,K248E 
K46E,K61E 
K%E,K95E 
K61T,K65A 
K61T,K65E 
K61E,K65E 
K%E,K61E 

K65E 
B 

D51K 
K108E 
K132E 
D156K 
K174E 
K205E 
K205Q 
K211E 
E220K 
R252E 
K267E 
K274E 

Fig. 1. A schematic of the steps for producing 
mutated VDAC for electrophysiological analysis. 
As an example, a plasmid containing the VDAC 
gene with a K61E mutation is shown. URA is 
used as a selection marker. CEN. centromere. 

Fig. 2. Mutant VDAC proteins. VDAC was 
prepared (19) from yeast cells containing mutant 
VDAC genes and subjected to electrophoresis on 
a 10% polyacrylamide SDS gel, followed by silver 
staining. Lane 1, wild-type VDAC; lane 2, 
VDAC-K84E; lane 3, VDAC-K205E; lane 4, 
VDAC-K19E; lane 5, VDAC-K267E; and lane 
6, VDAC-K274E. 
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the charge of residues located outside the 
pore might not affect selectivity. To look for 
residues affecting VDAC's ion selectivity, 
we began by site-directed mutagenesis of 
lysine residues, since previous studies had 
shown that lysine residues are important for 
channel selectivity (22). In addition, the 
positions of 13 of the 19 lysine residues in 
the yeast VDAC are exactly conserved in 
Neurospora crassa VDAC (23), indicating that 
they are likely to perform conserved h c -  
tions. Finally, by converting these positive 
residues to negative residues one can pro- 
duce large changes in the local electrostatic 
environment. Accordingly, each of the con- 
served lysine codons, as well as a number of 
other codons throughout the molecule, was 
mutated to produce a charge change, and 
the mutant genes were transformed into 
M22-2. Transformants were obtained for all 
mutations except K234E (24), which ap- 
pears to encode a protein producing domi- 
nant lethality. 

When introduced into planar phospholip- 
id bilayers, the mutant VDAC proteins in- 
serted spontaneously, producing discrete 
changes in current. The selectivity of the 
mutant channels was estimated by measur- 
ing the potential needed to bring the current 
to zero (reversal potential) (Fig. 3). All of 
the results were obtained from membranes 
containing a single or few channels in order 
to have high confidence that all observations 
were made on channels in their open confor- 
mation (7). The first current change in all 
the records represents the insertion of one or 
two channels. Shortly after the insertion, the 
membrane potential was changed to deter- 
mine the membrane conductance [A current 
(I)/A voltage ( V)] and the reversal potential. 
The reversal potentials of the wild type and, 
for example, VDAC-E220K, were between 
10 and 11 mV. By contrast, changing the 
charge at position 19 (K19E) or 95 (K95E) 
resulted in pronounced decreases in anion 
selectivity. The double mutant, K19E, 
K95E, resulted in a change in reversal po- 
tential that approximated the sum of the 
changes produced by the two mutations 
individually. 

None of the single or multiple amino acid 
substitutions resulted in a significant change 
in single-channel conductance, indicating 
that no extensive conformational changes 
took place as a result of these engineered 
alterations (Table 1). For residues that af- 
fected the selectivity of VDAC (as measured 
by the reversal potential) (Table lA), the 
observed change in reversal potential de- 
pended on both the magnitude and sign of 
the charge change. A change by one unit of 
charge (for example, K61T) produced 
roughly half as much change as a two-unit 
change at the same position (K61E). Al- 

Fig. 3. Measurements of the 
reversal potentials in wild- 
type and mutant yeast 
VDAC (mutant code, Table 
1). The membranes were 
made with sovbean ohos- 
pholipids and ieparateh 1M 
KC1 from 0.1M KC1 [each 
side also contained 5 mM 
CaClz and 1 mM mor- 
pholinoethanesulfonic acid 
(Mes),pH 5.81. A2-  to 4-pl 
aliquot of a 1% Triton X- 
100 extract of a VDAC 
preparation (as indicated in 
the upper right of each pan- 
el) was added to the high 
salt side of the membrane. 

10 
Insertions wild-type VDAC 

-2 1 1 
0.0 0.5 1.0 1.5 2.0 

Time (mid 
\ ,  

The applied potential is in- -10, 
dicated in the figures at the 0.0 0.5 1.0 1.5 2.0 Time (min) 
point of application and was 
held constant until a new value is indicated (the sign refers to the high salt side). Insertion of channels is 
indicated by an abrupt change in current with no change in applied potential. Potentials were applied to 
bring the current back to 0. This is the reversal potential for that particular channel. All potentials were 
corrected for electrode asymmetry. Gaps in the traces represent editing introduced to simplify 
presentation of the data. 

though a charge change at certain sites, 
especially position 19, had a more pro- 
nounced effect, in general the change in 
reversal potential was 2 to 4 mV per unit 
change in charge. Many, but not all of the 
conserved lysine residues affected selectivity. 
In addition; changes in some nonlysine resi- 
dues, both charged and uncharged (for ex- 
ample, D15K, R124D, G179D, T256K, 
and D282K), altered channel selectivity. 
When two or more mutations were present 
in the same molecule, the effects on selectiv- 
ity were essentially additive, suggesting that 

each residue contributes independently to 
the overall selectivity of the channel. (We 
would not expect the reversal potentials to 
be strictly additive, but our results indicate 
that the mutations have a cumulative effect.) 
When multiple mutations were introduced 
into the VDAC protein, it was possible to 
completely reverse the normal channel selec- 
tivity characteristics: the normally anion- 
selective channel became cation-selective. 
There was a high degree of correlation 
between the sign and magnitude of the 
selectivity change and the sign and magni- 
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i3: V A V L N F G L S Y L F  

F  mo w5 a48@56@82 

Y F Q T F L L I N A Q V A  
H A P S A G C G E D L G  

Fig. 4. A schematic model of the VDAC molecule in the membrane. An NH2-terminal ol helix (left) is 
flanked by 12 strands of antipardel p sheet. Residues for which mutation altered selectivity are boxed; 
residues in which the mutation left the selectivity unchanged are circled. 
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tude of the change in charge at the site of the 
mutation. Thus, the mutations' effects are 
most likely local. 

Given the size of the VDAC molecule and 
the large diameter of the channel it forms, it 
is likeG that most of the molecule contrib- 
utes to the formation of the channel walls. 
Thus, mutations that affect channel selectiv- 
ity probably identify transmembrane seg- 
ments and can be used to position portions 
of the molecule forming the walls of the 
channel relative to the primary amino acid 
sequence. On the bas& of the results in 
Table 1 and an analysis of the primary 
sequence (11, 12), we developed a model of 
the open-channel state of the VDAC mole- 
cule (Fig. 4). Each polypeptide is proposed 
to form 12 transmembrane P strands and 
one transmembrane cu helix. These trans- 
membrane segments contain all the residues 
that affect selectivity and lack the residues 
that do not (25). The cu helix is amphipathic 
with the nonpolar residues on one surface 
facing the lipid bilayer. The P strands have 
the alternating hydrophobic-hydrophilic 
pattern of a sided P sheet (26). Residues and 
sequences that would be expected to break 
this pattern (for example, prolines and adja- 
cent charged residues) are often located at 
the ends of transmembrane segments. Using 
reasonable estimates for spacing between 
transmembrane strands (0.47 nrn for P 
strands) and for the size of the side chain 
residues (0.5 nm), we conclude that two 
monomers (folded as shown in Fig. 4) 
would form a hole -3 nm in diameter. 
This model is also consistent with available 
evidence that suggests that the VDAC 
channel is composed of two identical sub- 
units (27). 

From the change in charge required to 
just eliminate VDAC's selectivity for C1- 
over K+ (to bring the reversal pbtentia~ to 
zero) one would expect that each monomer 
would contribute an excess of three charges 
to the walls of the pore. The model in Fig. 4 
has 14 positive and 13 negative charges in 

transmembrane regions resulting in one net 
positive charge. However, some residues 
(such as ~ y s " )  may have a disproportion- 
ately greater effect. 
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