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The Sensor Regions of VDAC Are Translocated from within the
Membrane to the Surface during the Gating Processes
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ABSTRACT The motion of the sensor regions in a mitochondrial voltage-gated channel called VDAC were probed by
attaching biotin at specific locations and determining its ability to bind to added streptavidin. Site-directed mutagenesis was
used to introduce single cysteine residues into Neurospora crassa VDAC (naturally lacks cysteine). These were chemically
biotinylated and reconstituted into planar phospholipid membranes. In the 19 sites examined, only two types of results were
observed upon streptavidin addition: in type 1, channel conductance was reduced, but voltage gating could proceed; in type
2, channels were locked in a closed state. The result at type 1 sites is interpreted as streptavidin binding to sites in static
regions close to the channel opening. The binding sterically interferes with ion flow. The result at type 2 sites indicates that
these are located on a mobile domain and coincide with the previously identified sensor regions. The findings are consistent
with closure resulting from the movement of a domain from within the transmembrane regions to the membrane surface. No
single site was accessible to streptavidin from both membrane surfaces, indicating that the motion is limited. From the
streptavidin-induced reduction in conductance at type 1 sites, structural information was obtained about the location of these
sites.

INTRODUCTION

A variety of intrinsic membrane proteins form channels inThus, even in the case of the best known sensor, the dy-
membranes that allow specific solutes and usually solvent toamic conformational rearrangements associated with gat-
cross the membrane. Some of these channel-forming prang are still largely undefined. For ectocytic channels (wa-
teins are voltage-gated, in that the transmembrane voltager-soluble proteins (often toxins) that can insert into
regulates the nature and permeability of the channel. Thenembranes to form channels) the insertion process is often
opening and closing of the channel reflects conformationathe voltage-dependent step. For colicin la, a substantial
changes in the membrane protein that, for the most part, atfieaction of the protein is translocated through the membrane
poorly understood. Voltage-gated channels must possessimresponse to a voltage increase (Slatin et al., 1994). Some
voltage sensor that responds to relatively small changes iaf these translocated domains undoubtedly represent the
the transmembrane voltage, and this response is convertedhltage sensor.
via structural changes in the protein, to permeability We have explored the dynamics of voltage gating in
changes in the channel. VDAC channels found in the mitochondrial outer mem-
How voltage gating works, i.e., how proteins change theitbrane (VDAC is also known as mitochondrial porin).
functional characteristics in response to small changes iWDAC is an abundant protein found in the mitochondria of
voltage, is an unresolved biophysical problem of someeukaryotes from all kingdoms (Colombini, 1989). Purified
interest. In theory, the voltage sensor could be a chargedDAC protein can be introduced into planar phospholipid
domain that moves along the electric field, or a strongbilayers, where it forms channels whose properties have
dipole that can reorient with respect to the electric field. Inbeen studied extensively (Colombini et al., 1996). The
plasma membrane channels, the primary voltage-sensirnghannels are large pores-8-nm diameter) with a weak
domain has been identified as the S4 regions of Na, K, angelectivity for anions. They are the major pathway through
Ca channels. However, other regions are also involvedvhich metabolic intermediates, such as ADP, cross the
(Seoh et al., 1996). Evidence for motion of the S4 regionouter membrane (Benz et al., 1988; Liu and Colombini,
comes from observations that accessibility to chemicall992; Lee et al., 1994).
modification at specific sites shifts from one membrane Although it forms large pores, VDAC is a small mole-
surface to the other (Larsson et al., 1996; Yang et al., 1996%ule, with a single 30-kDa polypeptide forming each chan-
nel. Existing data (Colombini et al., 1996) are consistent
with the idea that open channels are formed from a single
layer of protein, consisting of one-helix and 123-strands,
1998, curved into a cylinder that forms the pore (Figs. 1 and 2).
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FIGURE 1 The proposed transmembrane folding pattern for VDAC of the yeastrevisiaePrevious results are consistent with the VDAC channel

being formed by one-helix (the first 20—25 amino acids) and B2strands forming the walls of the aqueous pore. Site-directed mutations (Blachly-Dyson

et al., 1990) were used to change specific amino acid residues (numbered residues) in such a way as to change the net charge at that site. Sites at which
charge substitutions changed the open state selectivity are either circled or boxed. Sites whose mutation changed the steepness of thg yotiegesgatin

are boxed. The observed changes were of the appropriate sign and magnitude. The lines indicate the boundary of the hydrophobic part of the membrane.

charge change (Blachly-Dyson et al., 1990). This, the hysuccinate, citrate, and phosphate (Bowen et al., 1985; Ros-
dropathic nature of the protein segments (Peng et altovtseva and Colombini, 1997). The gating processes are
1992a), and the location of prolines and tyrosines helgymmetrical at the single-channel level in most wild-type
support the membrane folding pattern for open channel¥ DAC molecules, so the orientation of channel insertion
shown in Fig. 1. Table 1 summarizes the deduced structuralannot be determined from a channel’s electrophysiological
features and the supporting evidence. properties. Specific site-directed mutations can selectively
In planar phospholipid bilayers, VDAC channels are volt- alter only one of the two gating processes, however (Zizi et
age-gated and close in response to applied voltage by twal., 1995).
separate gating processes: one at positive transmembraneA number of previous studies have investigated the con-
potentials and one at negative potentials. The “closed” statggrmational rearrangements associated with voltage-depen-
are not completely closed, but have a 30-40% drop indent gating of this molecule. These studies have shown that
effective pore diameter (Colombini et al., 1996). Closedfor both of VDAC's gating processes, decreasing the posi-
VDAC channels have a reversed ion selectivity (i.e., areive charge on the molecule, either by chemical modifica-
cation-selective channels) resulting in channels that are veryon of NeurosporaVDAC (Doring and Colombini, 1985)
poorly permeable to relevant metabolites such as ATPgr by site-directed mutagenesis at particular locations in
yeast VDAC poxed residuesn Fig. 1) (Thomas et al.,
1993), decreases the voltage dependence of VDAC's gating
+ processes. Conversely, increasing the positive charge in
these locations increases the voltage dependence. This is
consistent with a positively charged domain of the protein
moving through the transmembrane electric field during
each gating process. Most of the sites at which charge
changes affect the steepness of the voltage dependence are
located in the amino-terminal 84 residues of the protein,
FIGURE 2 The proposed working model for the VDAC gating pro- implicating this region as a domain that moves during
cesses. Longitudinally bisected views of the open state (center) and t’:?ating. A mutation-induced charge change at at least one

closed states achieved at positive (CLOSED-P) and negative (CLOSED-N]. . . L
potentials. The sensor domain is indicated by the black region. In both ite (residue 46) affects both gating processes, indicating

gating processes, the sensor domain moves toward the negative side of tHaat the domains that move during the two gating processes
membrane. overlap each other.

+ 184 30A _

CLOSED -N OPEN CLOSED -P



2928 Biophysical Journal Volume 74 June 1998

TABLE 1 Summary of structural information for VDAC from S. cerevisiae

Membrane On
Region Structure spanning Evidence* sensor Evidende
1-23 a Yes $(15,19) Yes 15,19)V(15,19)
24-27 Turn No
28-37 B Yes $(30) No S(30)V(30)
38 Turn No
39-48 B Yes S(46) Yes S(46)V(46)
49-54 Turn No S(51) No V(51)
55-65 B Yes $(61,65) Yes S61,65)V(61,65)
66-78 Surface No £72)
79-88 B Yes S(84) Yes S(84)V(84)
89-92 Turn No
93-102 B Yes S(95) No S(95)V(95)
103-120 Surface No £108,113)
121-130 B Yes $(124,128) No 124,128)V(124)
131-143 Surface No H132) No V(132)
144-153 B Yes $(152) Yes $(152)V(145,152)
154-175 Surface No B156,164,170,174) No V(156)
176-185 B Yes S(179) No S(179)
186-227 Surface No B191,197,205,211,220) No V(205,211)
228-237 B Yes S(234) No V(234)
238-240 Turn No
241-250 B Yes $(248) No V(248)
251-253 Turn No $252) No V(252)
254-263 B Yes S(256)
264-274 Surface No B67,274) No V(267)
275-283 B Yes $(282) Yes $(282)V(282)

The region refers to the numerical location in the primary sequence starting with the N-terminus. The methionine is considered number 1, even though i
is probably not present in the mature protein. The structures-aedix, g-strand, a short turn, or a surface domain of unknown structure. Under “evidence,”

S, S, and V are effects of mutations, at the indicated positions, on the selectivity of the open state, selectivity of the closed state, and steepness of the
voltage dependence, respectively.

*Blachly-Dyson et al. (1990) and Peng et al. (1992).

#Peng et al. (1992), Thomas et al. (1993), and Zizi et al. (1995).

A second line of evidence supports the identification ofcysteine residue. The biotinylated VDAC proteins were
these same domains as the sensor regions in VDAGnserted into planar phospholipid bilayers, and their channel
Whereas charge changes introduced at the boxed residupgoperties were observed before and after streptavidin was
influenced the selectivity of the open state, these samgdded to the bath on one or both sides of the bilayer. If the
mutations have a smaller effect than expected or no effedjotin moiety on the VDAC protein is exposed at the surface
on the selectivity of the “closed” state (Peng et al., 1992b)of the membrane, streptavidin should bind tightly to the
This indicates that in the transition from the open to thepjotin, Streptavidin binding should interfere with subse-
closed state, these sites had moved away from the i0jyent voltage-driven conformational changes, because

stream and thus likely through the field to the membraneeniavidin is a large water-soluble protein that will prevent
surface. Table 1 indicates the regions presumed to form tthovement into or through the membrane. Thus, if the

Se‘?ﬁzgg?smlire]ss.and others are consistent with amechanisgrgmmylated residue is located in the voltage sensor, the
for voltage gating in VDAC, whereby a domain with net inding of streptavidin should prevent gating by holding the

. - sensor on one side of the membrane. If the biotinylated
positive charge forms part of the wall lining the open

channel that is driven out of the channel by an electric fieldreSIdue is in a nonmobile portion of the molecule, gating

of either direction, resulting in a closed state with reducecrrr:'ght .pr?cee_d T‘Orlma”y' The resqlts Eresented herle shlow
pore diameter and inverted ion selectivity (Fig. 2). Tothat single biotinylated residues in the VDAC molecule

directly test this idea at the protein level, we used a tech/€SPond to added streptavidin in one of these two ways. For
nique developed by Slatin et al. (1994) in the analysis of the©Me biotinylated S|te§, .the addition of streptawdln reduced
conformational changes associated with channel formatiof’® channel’s conductivity but allowed gating to occur. In
by the colicin la molecule. Cysteine residues were intro-Others, streptavidin binding trapped the channel in a closed
duced at sites within and outside the proposed sensor r&fate. These results demonstrate directly at the protein level
gions, using site-directed mutagenesis. Each VDAC proteihat voltage gating in this protein is associated with the
containing a single cysteine residue was then treated with enovement of voltage-sensing residues from within the
reagent that covalently attached a biotin molecule to thenembrane to the membrane surface.
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MATERIALS AND METHODS addition of 1/3 volume methanol and 1/3 volume 50% trichloroacetic acid
and incubated for 15 min at 4°C. Precipitated proteins were collected by

Site-directed mutagenesis and expression of centrifugation, and pellets were washed with acetone and air dried. Sam-

mutant proteins ples were resuspended in LO(biotinylated) or 30wl (unbiotinylated) 1%

sodium dodecyl sulfate (SDS) in 50 mM Tris (pH 7.5) and diluted to 0.1%
Single cysteine substitutions were engineered into the cDNA encodingDS with 50 mM Tris (pH 7.5). For electrophoresisu§ of streptavidin
Neurospora crassa&/DAC because this protein lacks cysteine residues. (Pierce, Rockford, IL) was incubated with @0-aliquots of protein for 30
Sites were chosen on the basis of existing models of the structure of thein at room temperature, then mixed with @0low-SDS (0.4%) loading
open channel and the conformational transitions that accompany closinguffer lacking reducing agent. Ten microliters of each sample was then run
(Colombini et al., 1996). In addition, a sequence encoding a GlyGlyCyson 10% sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
extension was attached to the C-terminus. To construct this C-termingPAGE) minigels and electroblotted onto nitrocellulose, and blots were
extension, the coding region of tiNe crassaVDAC cDNA was amplified incubated with an antibody generated to a peptide representing the C-
with an oligonucleotide at the’ ®£nd of the coding region that included an  terminus of N. crassaVDAC (W937; Stanley et al., 1995). Antibody
Ncd restriction site, and a’3ligonucleotide containing codons encoding binding was detected by chemiluminescence after a 30-min exposure of a
GlyGlyCys, Stop, and &lsil site (GGAGATGCATTAACAACCACCA-  Molecular Imager System (Biorad) chemiluminescent sensitive screen.

GACTCGAAGGTGAAGC). Digitized bands were analyzed for relative densities with the Molecular
The resulting amplification product was digested withd and Nsil, Analyst Program.
and inserted between the yeast YVDAC1ahd 3 noncoding regions for When purified, biotin-modified VDAC was run on SDS-PAGE gels in

expression in yeast. All of the single mutants are labeled with the letterthe absence of streptavidin under the above conditions. A small fraction of

number-letter notation. The number is the location of the amino acid in thehe total immunoreactive protein has a molecular weight roughly double

primary sequence starting at the amino terminus, and the leading anghat of the VDAC monomer and approximately that expected for VDAC-

tailing letters represent the amino acid in the wild-type and mutant,streptavidin complexes. This band likely represents VDAC dimers that are

respectively. The numbering includes the N-terminal methionine, which isknown to form in preparations of purified protein (Mannella and Colom-

probably removed in the mature protein. bini, 1984) and which apparently are resistant to dissociation under these
The plasmid encodind. crassaVDAC was subjected to site-directed |ow-SDS conditions. To correct for the extent of biotinylation in the

mutagenesis by standard protocols and introduced into a yeast straipresence of this dimer, dimers were assumed to represent populations of

M22-2, that lacks the chromosomal copy of the gene that codes fol/DAC molecules that were biotinylated to the same extent as monomers.

YVDACL, the only yeast gene product that forms classical VDAC chan-Thus the percentage of biotinylation is given by

nels (Blachly-Dyson et al., 1997). Expression of wild-type and mutant

cDNAs in yeast was mediated by sequences representing the YVDAC1 % biotinylation= 100100 — B — D)/(100— D)

promoter (Blachly-Dyson et al., 1997). VDAC proteins were purified from

the mitochondrial outer membranes by the method described by BlachlygnereB is the percentage of the total intensity in the streptavidin lane that

Dyson et al. (1990). is located at-30 kDa, andD is the percentage of dimers in the lane without

streptavidin.

Lo . A A second, functional estimate of the extent of biotin modification was
Biotinylation of mutant VDAC proteins also used. The percentage of conductance decrease upon the addition of
streptavidin to single channels was compared to the decrease observed in
gnembranes containing multiple channels (typically 25-50) after streptavi-
din addition. By dividing the latter by the former, the percentage of

Attachment of biotin molecules to cysteine residues was performed usin
the method described by Qiu et al. (1994). The biotinylating reagent

3-(-N-maleimidylpropionyl) biocytin (Molecular Probes, Eugene, OR), ghannels affected by streptavidin was estimated. The resuilts obtained from

includes a 1.6-nm arm (if fully extended and measured from the Carbonydifferent multiple-channel experiments for each mutant were averaged
group of the biotin moiety) that allows the biotin to penetrate the deep cleft P P ged.

in streptavidin. This cleft has been measured to be 0.9 nm deep (from the

carbonyl of the bound biotin moiety), and therefore the once the biotin

portion of the biotinylated group has bound to the site on streptavidin, theElectrophysiological studies

maximum distance between the surface of the streptavidin and the sulfur of ) ) ) o

the cysteine residue to which the streptavidin is attached is 0.7 nm. BecauséPAC proteins were reconstituted into planar phospholipid bilayers (soy-

of the rigidity of the amide linkage and the ring system on this arm, theP&an phospholipids) by adding an appropriate amount of detergent-solu-

lateral displacement of the two proteins is more limited. We estimate #ilized samples to theis side of the chamber. The membranes were made

0.5-nm freedom of displacement on either side of the point of binding. &S Previously described (Colombini, 1987). All experiments were per-
Typically, 1 ml of purified VDAC in 15% dimethyl sulfoxide, 2.5% formed in the presence of buffered solutions (1.0 M KCI, 1 mM Ga&l

Triton X-100, 50 mM KCI, 1 mM EDTA, 10 mM Tris-Cl (pH 7.0) mM 2-(N-morpholino)ethanesulfonic acid (pH 5.8)) on both sides of the

containing~20 pg of protein, was obtained from one preparation. Imme- membrane. Calomel electrodes were used to interface with the solutions via

diately after isolation and purification (to minimize cysteine oxidation), the built-in saturated KCI bridge. The experiments were performed under

600 ul of the purified VDAC solution was biotinylated by adding g0of voltage clamp conditions. All of the results were corrected for any elec-

2 M sodium phosphate, 100 mM EDTA (pH 7.0), and 3@00of 3-(-N- trode asymmetry. The current was recorded on a Kipp and Zonen chart

maleimidylpropionyl) biocytin (3 mg/ml dissolved in 3:2 dimethylsulfox- recorder with a response .tlme of 0:3 s, full scale deflection. In this paper,

ide and dimethylformamide). The reaction was carried out at room temIne cis side refers to the side to which the VDAC sample was added. The

perature fo 1 h and was stopped by adding iBs-mercaptoethanol (14.2  Sign of the applied voltage always refers to tie side (ransis virtual

M). Excess biotinylating reagent was removed by dialysis against 1 liter of@"ound)-

buffer (1% Triton X-100, 50 mM KCI, 10 mM HEPES, 1 mM EDTA, pH After insertion, channel properties were characterized by assessing
adjusted to 7.0 with KOH) for 24 h at 4°C. single-channel conductance and voltage dependence. The biotinylated

channels often had a conductance that was somewhat reduced, by as much
as 20%. However, like the wild-type, all of the mutant channels showed
Estimation of the extent of biotin modification voltage-dependent gating at both positive and negative potentials, and the
gating occurred at normal rates. Therefore, the channels were judged to be
The extent of biotin modification of each mutant protein was estimated bysuitable for further experimentation with streptavidin. Generally u26f
two independent techniques. First, purified proteins, before or after thehe streptavidin stock solution (2 mg/ml) was added to the 5-ml buffered
biotinylation reaction, were precipitated from 1Q0 of sample by the  solution on one side or both sides of the membrane, when the channels
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were held open or in one of two closed states by means of the appliegysteine substitutions were expressed in a yeast strain with
electrical p_otential, as dict_ate_d by the expgriment. Thus there was a choiggg major endogenous VDAC gene deleted. The cysteine
of one of six ways of beginning the experiment. residue on VDAC channels purified from these cells was
biotinylated before incorporation of the channels into planar
phospholipid membranes. The conductivity and gating
properties of these channels were observed in membranes
containing single or multiple channels, and any changes in
A theoretical calculation was undertaken to obtain structural informationthese properties after the addition of streptavidin were
from the degree of reduction in conductance resulting from streptavidinngted. The side of the membrane to which VDAC was
binding to type 1 mutants. This calculation allowed us to find a reIatlonshlpadded is referred to as thués side, and the opposite side as
between the average amount of unobstructed area of the pore and thﬁ . . .
distance from the site of streptavidin attachment on VDAC and the rim oft etransside. The sign of the transmembrane potential was
the pore. It was assumed that streptavidin could take all possible orientd@ken to be the sign of the potential on ttie side of the
tions. The opening of the channel was taken as a circle 3 nm in diametemembrane. In all cases, assignment of individual sites to
The streptavidin footprint (effective region of surface contact that couldgne of the two general categories described below was

block ion flow) was taken from the literature by comparing the crystal - - . .
structure in the protein data bank (Weber et al., 1989) to the structure an((ionﬂrmed by analySlS of membranes containing both smgle

orientation of streptavidin on biotinylated phospholipid monolayers (Avila- and multiple channels.
Sakar and Chiu, 1996). Fig. 12 shows this rectangular footprint with the

two binding sites that would face the surface of the membrane. Becaus .

this structure has twofold rotational symmetry, we need consider only ong;m"trc’I experiments

of the binding S|te§. The s¢e is conngcted via a molecular Ilnkgr to theControl experiments were run to confirm that streptavidin
sulfur of the cysteine, allowing an estimated 0.5-nm lateral motion. The

location of the streptavidin footprint in relation to the pore opening is addlthn would afTeCt VDAC channels only if a CV_Steme had
defined by three parametetsa, ands. t is the distance from the center of been introduced into the channel and that cysteine had been
the pore to the cysteine sulfut.is the angle formed by the intersection of biotinylated. In this way, direct effects of streptavidin on the

the two lines connecting the cysteine sulfur either to the center of the porghannel and biotinylation at sites other than the cysteine
or to the binding site on streptavidi@. is the angle formed by the line ould be ruled out

connecting the binding site on streptavidin to the cysteine sulfur and tha? - .
forming a perpendicular to one edge of the streptavidin footprint (Fig. 12). When unbiotinylated VDAC channels containing cys-

The average unobstructed area was calculated for valuesoging from  teine at a single position were exposed to streptavidin on
1.5 nm to the point where no obstruction occurred at 0.1-nm intervals. Foeither side of the membrane, no effect was observed. Fig. 3
each value of, 10,000 random values efands were used to calculate the A shows results collected on a multichannel membrane
2@2%323tt’itﬁtye?aﬁﬁiiaJrﬂjeetlﬁggﬂhoogﬁzeo.rgoéfnc.u'ar connection Wac?onfta.lining unbiotinylated VDAC channels in which T at

The fraction of the open-state conductance that remained after strethosmon 53 had been replaced with C (T53C). The channels
vidin binding to each type 1 site was compared to the calculated fraction ofvere open at low potentials+t@ mV or —11 mV) and
unobstructed area from the above calculations to determine the distanglowly closed at elevated positive or negative potentials
from the cysteine _sulfur to the rim of the pore. We assumed that COI’ldUC(_|_59 mV or —61 mV) both before and after streptavidin
tance was proportional to unobstructed area. addition to either side of the membrane. This is normal
behavior for a VDAC channel. In addition, the channels
RESULTS AND DISCUSSION open virtually instantaneously, anq this is. gxpected, because

VDAC channels generally open in a millisecond or less.

By the introduction of a cysteine residue into a VDAC Likewise, when wild-type VDAC channels devoid of cys-
channel, one can introduce a site that can be specificallfeine residues were treated with the biotinylating reagent
biotinylated, and then its location can be probed withand then inserted into membranes, addition of streptavidin
streptavidin. A change in accessibility to streptavidin result-to either side of the membrane had no effect. FiB.shows
ing from a voltage-induced conformational change inan experiment in which streptavidin was added to a single
VDAC would provide direct evidence for motion of the site. wild-type VDAC channel that had been treated with bioti-
Unlike small-molecular-weight reagents that might pene-nylating reagent. The channel was open at a low potential
trate into protein crevices, cross the membrane through thend closed at elevated positive and negative potentials. This
pore, or cross by solubility/diffusion through the lipid mem- voltage-dependent behavior was the same before and after
brane, streptavidin is large (60 kDa) and highly water sol-streptavidin addition. Thus the deviations from normal
uble, and thus cannot penetrate to any meaningful extenthannel activity noted below specifically depend on the bind-
The localization is precise to one amino acid residue, anéhg of individual biotin-modified sites to added streptavidin.
the penetration into the membrane is limited to 0.7 nm by
:Eg Ice;sgtterilncg.the molecular linker connecting streptavidin toType 1 muta_nts: streptavidin binding does not

VDAC from N. crassaacks cysteine residues and there- stop the gat_l ng process, but lowers

. . . . . . the conductivity

fore constitutes a logical starting point for the introduction
of individual cysteine mutations in this protein. cDNAs When streptavidin was added to channels biotinylated at a
expressing mutant forms of this protein containing singlesingle introduced cysteine residue, two types of effects were

Calculation of the degree of occlusion by
streptavidin binding
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FIGURE 3 Lack of effect of streptavidin on unbiotinylated cysteine-containing channels or wild-type channels treated with the biotinylatiomeproce
Channels were inserted in a planar membrane under standard conditions (see Materials and Methdtls)miembrane contained multiphe crassa

VDAC channels containing the mutation T53C.Bra single wild-typeN. crassaVDAC channel was studied. In each panel, part of the current record is
shown just above its corresponding voltage traceB the current and voltage traces continue without temporal gaps from the upper portion to the lower
portion. The dotted lines are the zero current or voltage levels. Streptavidin was added to each side of the membrane where indicated. Thealingle-chan
insertion and some closing events are indicated. The sign of the applied voltage refersisithe of the membrane, the side to which the VDAC protein

was added.

observed. In one group of mutants (type 1), streptavidirvidin locked the channels in a closed state. The mutation
addition reduced the channel conductance, but allowed volt©264C is an example of a type 1 mutation. When biotinyl-
age gating to proceed. In a second group (type 2), streptated D264C channels were treated with streptavidin on the
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cis side of the membrane (the side to which the VDAC erties of these channels change abruptly. The conductance
protein had been added), the conductance of the channdfop was not a closing event, because the channel could be
dropped. This is illustrated with a single channel in Fig\.4 closed by applying a high positive potentiat§1l mV).
Twenty seconds after streptavidin addition, a discrete droghus the binding of streptavidin was probably interfering
in conductance occurred (labeled “strep binding”). This iswith ion flow and not causing channel closure. Voltage-
undoubtedly the time point at which streptavidin bound todependent closure at negative potentials occurs, but is now
the biotinylated site, because after such an event, the propess frequent. The channel had to be held-& mV for an

A
fF closure closure
: V¥ i
| ¥ooh
sec i 41 ! | ! -
e b bl : \.‘_]}Fh...ﬂ._‘...j_.‘h...-é..';. .......)
b v
| .,LJ it -
+61mV
+11mVv
-9mvV
-59 mV

closure

5nA

20 sec

strep cis

+48 mV—>»

+9mV 3
-11imV. —»

S1mV —»

FIGURE 4 Streptavidin binding to VDAC channels biotinylated at position 264 reduced the conductance, but did not stop the gating process. At the point

indicated, streptavidin was added to a membrane containing a sigbe (nultiple 8) D264C VDAC channels. I\ the current trace and corresponding
voltage tracelfelow) are continuous from the upper to the lower record. The point of streptavidin binding and selected closures are indicated.
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extended period to observe the closing eveloisé€r tracgd.  TABLE 2 The effective side of streptavidin for type | and
There is a reduced probability of finding the channel in thetype Il mutants in the experiments with membrane containing
closed conformation, and therefore the closed state is ledBultiple channels (25-50)

favored. Type Mutants Cis Trans
These observations are understandable if we picture thep N38C + T
large streptavidin molecule being tethered to a site close to K92C + -
the mouth of the channel (Fig. 5). Its presence would Ki12C + -
introduce resistance to ion flow by acting as an obstacle. ;1122% i B
The selective interference of gating in response to negative S211C + _
potentials can be understood in terms of the current model R240C 4 _
(Fig. 5) for voltage gating in VDAC. A negative potential D264C + -
on the streptavidin side would pull the positively charged
sensor to the surface, and the presence of the tethered gzzcc f i
streptavidin on that side would be expected to interfere, H23C . B
sterically, with the motion. This interference with closure T53C + _
when the streptavidin side was made negative was seen in E58C + -
all type 1 mutations. No effect on the rate of reopening was T69C + +
detected. AT9C + -
. . I T183C + -
In multichannel membranes (Fig. 8), biotinylated S190C + _
D264C channels exhibited a drop in conductance after the E282C - T
addition of streptavidin to theis side of the membrane. No C-terminal GGC extension - +

effect was observed if streptavidin had been added to the

transside (not shown), indicating that streptavidin only acts

from one side, and that all the channels were oriented in the

same direction. Again, at elevated positive potentialdq  both sides when multichannel membranes were examined.
mV), these lower-conducting channels showed normal voltStreptavidin seemed to affect only subsets of the channel
age gating properties, whereas at negative potentiafd (  population, indicating that channels had inserted in both
mV) there was little closure, because of a lower probabilitydirections (see last section for information on insertion

of entering the closed states. Note that the drop in condudirection). This is borne out in single-channel experiments.

tance in this pool of channels was very similar to thatModified N38C channels were affected by streptavidin only

observed for the single channel in FigA4 on one side of the membrane, although the effective side

Biotinylation of single cysteine substitutions at five other varied from membrane to membrane. In these single-chan-
sites produced results similar to those presented for D264@el experiments, as with the mutants that always were
These sites (K92, K112, T135, D156, and R240; Table 2pffected on one side, N38C channels gated normally when
were located in regions previously identified as being outthe streptavidin side was made positive, but gating was
side the mobile domain. A sixth site (N38C) was alsointerfered with when the side of streptavidin addition was
identified as type 1, but, in this case, streptavidin acted frommade negative. As is the case with the other type 1 sites, a
negative potential on the streptavidin side would drive the
sensor toward the bound streptavidin.

The fact that all of these sites at very different locations
in the molecule show the same result is strong evidence for
our interpretation of the way streptavidin interferes with
channel function. Hypotheses based on an indirect action
would have to propose a series of fortuitous coincidences.

+
CLOSED -P

+ streptavidin Type 2 mutants: streptavidin binding blocks
voltage gating and locks the channel in a
- Q + low-conducting state

The binding of streptavidin to a domain that must move into
and out of the membrane during the gating process might be
CLOSED -N OPEN CLOSED-P ~ expected to block this motion and, as a consequence, the
conformational change. Fig.Ashows the effect of strepta-
FIGURE_S Mechanistic interpretation of_ the type 1 streptavidin effect. vidin addition to a membrane Containing a single biotinyl-
Type 1 sites are proposed to be on a static region of the channel. Strepta- . L.
vidin can therefore bind to biotinylated type 1 sites in any of the threo:-zatec,i T53C channel. Beforg streptawdln addition, the chan-
voltage-dependent conformations. After streptavidin binding, voltage gatN€l iS open at=10 mV, and it closes after steps b0 mV
ing still occurs. (i.e., normal behavior). As with most type 1 mutations, the

+
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FIGURE 6 Streptavidin traps VDAC channels biotinylated at position 53 in the negative closed A)agtrgptavidin was added while a single
biotinylated T53C VDAC channel was in the open state under the influence of a weak negative potetiiai{). The conductance drop after streptavidin
addition to thecis side is interpreted as streptavidin binding and is so labeled. The noise recorded at the points of streptavidin addition was due to mechanical
stirring. (B) Streptavidin was added to tlos side of a membrane containing many biotinylated T53C VDAC channels after the channels had been closed
by the application of~-59 mV. (C) Streptavidin was added to tlés side of a multichannel membrane asBnbut here the channels were first closed by
applying +60 mV. In B andC, the label “strep binding” indicates the point when the conductance begins to decline.
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addition of streptavidin to thé&rans side of the membrane Streptavidin was then added to th@ans side, while the
has no effect on this behavior. However, afteyaddition of ~ channels were exposed to-850 mV transmembrane po-
streptavidin to the open channel, the channel's conductandential. Close observation reveals that after the voltage was
dropped dramatically, to a level similar to that of a closedchanged to+10 mV, channels were reopened and subse-
channel. In this experiment, the effect was so rapid that iquently the conductance dropped. This is an observation
occurred during the stirring period, in which mechanicalanalogous to that illustrated in Fig. 6. However, here
agitation causes noise in the record. The fact that the charmposition 282 was not accessible to streptavidin (present in
nel remained in this low-conductance state, regardless dioth compartments) when VDAC was held in the closed-N
changes in applied potential, is consistent with the streptastate. Because we do not know the absolute orientation of
vidin binding having immobilized the voltage sensor in thethe channels, we do not know if we are dealing with the
closed conformation. same state.

Similar results were observed in a multichannel mem- The relatively low percentage of biotinylation at position
brane containing biotinylated T53C channels (Fi@)6The 282 consistently resulted in a population of channels that
addition of streptavidin to thé&rans side of the membrane failed to be affected by streptavidin. Nevertheless, the per-
had no effect, showing that all channels are oriented in theentage drop in conductance after the application of an
same direction. More importantly, there is no structural stateelevated potential (Fig. A) was greatly reduced after
in which the biotinylated group was accessible to streptastreptavidin addition. This is consistent with channels being
vidin on thetrans side, because voltage was used to drivetrapped in a closed state but, in isolation, this could easily be
the channel into the three basic conformations: openinterpreted in different ways.
closed-N (the negative closed state), and closed-P (the pos- A single-channel experiment for position 282 (FigBY
itive closed state). In this example, the channels had beeallows for a definitive assignment of this site as a type 2
closed with a negative potential-69 mV) before thecis  mutation. Here agaircis addition of streptavidin is ineffec-
addition of streptavidin. Note the immediate additional de-tive, but trans addition while the channel is held in the
cline in current. Subsequent attempts to close channels wepmsitive closed state results in an inability of the channel to
ineffective, presumably because most of the channels wemneopen. As the voltage was changed to try to move the
locked in a closed state. channel to a different conducting state, some transitions

The channels could only be trapped closed when thewere visible (Fig. 7B). These were infrequent and attribut-
were in the correct closed state. If the channels were closeable to “subclosed states” (states of lower conductance than
with a positive potential (yielding closed-P), rather than athe normal closed state) that are easily observed with nor-
negative potential (yielding closed-N), there was no sign oimal VDAC channels. Bona fide openings were never ob-
streptavidin binding (Fig. 6C). When the channels were served, indicating that the channel binds to streptavidin
reopened by reducing the potential fron60 to —10 mV,  while in closed-P. In some single-channel experiments,
at first the current flow was identical to that recorded juststreptavidin was ineffective, showing that some of the chan-
previously. However, 40 s later, the first signs of a conduc-els were not biotinylated.
tance decline began. From single-channel observations (as The ability of biotinylated channels containing type 2
in Fig. 6 A), this decline is likely the result of channel mutations to respond to streptavidin while in the open state
closure. Its slow onset is consistent with the open channels more clearly illustrated in Fig. T, where the membrane
flickering to the negative closed state and then beingcontains only a few biotinylated channels. Note that the
trapped by the streptavidin. The onset of the effect is cerelosing steps are distinct and discrete and that the overall
tainly much slower than that in Fig. B. After the conduc- process is slow. A low voltage that favors the open state
tance decline, voltage gating in response to elevated poteii—10 mV) was applied. However, the channels probably
tials was reduced. The significant amount of residualflicker to the positive closed state and are trapped there by
voltage-gated closure in this experiment is undoubtedly du¢he streptavidin. Toward the end of the trace, a new channel
to unbiotinylated channels in the membrane. Despite thénserted and was induced to close by streptavidin on the
presence of excess streptavidin, no further reaction occurredransside. This is not observed when streptavidin is present

In addition to T53C, biotinylated VDAC channels with on thecis side, because it binds the biotinylated VDAC and
cysteine substitutions at S7, H23, E58, A79, T183, andrevents further channel insertion.

S190 all showed the characteristic type 2 effect after strepta- In all type 2 sites, streptavidin could trap the channel
vidin addition to thecis side (Table 2). VDAC with cysteine closed only from one side of the membrane, and only if the
substitutions at positions S12 and E282, and a C-terminathannels were held in the appropriate conformation. If
extension (C-terminal GGC) were also found to be type 2streptavidin were added when the channel was closed with
sites, but were accessible from th@nsside of the membrane. a positive potential on the streptavidin side, no effects

Fig. 7 shows tracings from experiments with E282C. Inwould be seen until the potential was reduced, allowing the
Fig. 7 A, a multichannel membrane containing biotinylatedchannels to reopen. Clearly, this result can occur in mul-
E282C channels was first tested for gating at positive andichannel membranes only if all of the channels are oriented
negative potentials, and then streptavidin was added to thie the same direction. More importantly, it shows that no
cisside. No change was observed in gating or conductivitysite examined so far is accessible to streptavidin from both
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sides of the membrane, and thus no site traverses membratie opposite surface of the membrane (previous results
completely to the other side, extending out far enough s@upport the existence of a positively charged sensor and the
that the attached biotin could bind streptavidin. In two casesaissumption that it moves in the field). Thus this alternative
(S7C and T69C), streptavidin reduced the conductivity antchypothesis would require that under conditions in which
gating of biotinylated channels both from tbes andtrans  protein domains are being moved away from the streptavi-
sides of the membrane (shown for T69C in FigABin  din side, some hypothetical protein structure manages to
multichannel membranes. When these channels were oBgyer each of the identified type 2 sites; this seems unlikely.
served in single-channel membranes, streptavidin was ob- an additional argument in favor of our interpretation of
served to act from either th@s or transside, but not from 4,4 type 2 effects comes from the degree of conductance

both sides (Fig. ). Thus, as with N38C, some biotinylated ., after streptavidin binding. The single-channel conduc-

type _2 chapnel mutants are inserting in bqth of the WOance drop for type 2 mutants is greater than for type 1, and
possible orientations. Nevertheless, each site does not b

ffis drop is very similar to that seen when channels are
come accessible to streptavidin on both sides of the membranel. P y s :

. B closed with an applied voltage. In Fig.B, when strepta-
These results are summarized in Fig. 9. Only one con-

formation of the channel can bind streptavidin, resulting invIdln was added to a single channel held closed by voltage,

trapping VDAC in one closed state. The chosen site is:[here was no perceptible change in current flow upon

illustrated as traversing the membrane, consistent with prest€Ptavidin binding. That streptavidin had bound was evi-
vious observations that charges in this region influence thdent when the voltage was reduced. This is different from
steepness of the voltage dependence. However, a site colilat was seen when streptavidin was added to a single
easily be chosen that traverses only part of the membrane. f1annel in the open state. There a clear, discrete conduc-
any case, to be consistent with the observations (prevef@nce change was always seen. This is most simply ex-
channel reopening and only bind in one closed conformaplained if the streptavidin binding just holds the channel
tion), the site must only be accessible to streptavidin in on€losed, rather than trapping the channel in the open state and
conformation. interfering with gating and ion flow.

Alternative explanations of the type 2 effects are less It must also be emphasized that for all type 2 sites,
likely because they either require a far more complex exstreptavidin acted when the streptavidin side was negative.
planation or contradict previous experimental results. Onedypothetical sites that block closure in an indirect manner
could suggest that streptavidin is binding to static sitesmight be located in a variety of places and therefore might
rather than the mobile domain, but it blocks the gatingbe affected under a variety of conditions, depending on the
process indirectly. If so, one would expect that sometimesgarticular mutant. We conclude that the type 2 mutations
the channels would be trapped open and sometimes trapp@gkntify sites in the molecule that are part of the voltage
closed. This is not the case. All of the type 2 mutants wereensor, and that move from a site buried in the membrane to

trapped in a low-conducting state consistent with the closed ;i exposed at the surface of the membrane during chan-
state, never in a full-conducting state. To account for this,,o| cjosure.

one could further stipulate that in some cases the channels When examined at the single-channel level, none of the
Wtzre trjul))ped n th]?. otpe%n state, ?Ut tff1|e c%ndtictalscg dwqﬁotinylated channels we examined was affected by strepta-
reduced because of Interierence of 1on Tlow by SIeptavidiN: i, on poth sides of the membrane. This means that the

However, this hypothesis would have to somehow explai iotinylated residues that were exposed on one side of the

why the streptavidin-binding site becomes unavailable i .
membrane during one gating process never moved com-

when the channel is closed with positive potentials on the letel th b b d on the other sid
streptavidin side. (Note that this is not the case for type pletely across the membrane 1o be exposed on the other side

sites.) If the site is on a static region, it should not movedu”ng the second gating process. This is in contrast to the

when the channel gates. One might rationalize this by pro[esults with colicin la, in which certain residues were found

posing that the site does not move, but is somehow covere® Pe acceSS|b[e to streptawdm on each _S'de of t.he mem-
during closure at positive potentials on the streptavidin sidePrane, depending on the applied potential (Slatin et al.,
Note that the protein cover would have to include not just1994). Although we have not tested every possible site in
the cysteine, but also the biotin and the long arm; this seemi&e VDAC molecule, these results suggest that movement of
unlikely. Moreover, this cover would have to be generatedhe sensor is restricted, such that it does not completely
when the positively charged sensor is being driven towar¢merge from the membrane on either side.

FIGURE 7 Streptavidin traps VDAC channels, biotinylated at position 282, in the closed state only when addettaosthigle. () As indicated,
streptavidin was first added to tloés side and later to therans side of a membrane containing multiple biotinylated E282C VDAC channels. The second
addition was made after the channels had been closed by the applicaticBOahV. The upper record is continuous with the lower recoB).This is

an experiment with a single biotinylated E282C channel. Streptavidin was first addedcis $ige of the membrane without any effect. Streptavidin was
then added to th&rans side of the membrane after the channel was closed usB@mV. (C) Streptavidin was added to thians side of a membrane
containing five E282C VDAC channels. The potential was held & mV. Four of the five channels closed. At the end of the record, a new channel was
inserted into the membrane. It was also trapped closed by the streptavidin. The voltage was kept condtamhst
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membranes were only affected from one sideAl portion of the recorded current is illustrated in two segments, along with the associated voltage trace.
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streptavidin binding are indicated.
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N-terminus if the structure formed a cylinder. The agree-
ment extends to the lack of motion in the first putative
B-strand. Previous work identified site 30 (Fig. 1) as being
in a static region, because charge changes at this site did not
affect the steepness of the voltage dependence and did affect
the closed-state selectivity. Here we identify nearby site 38
(Fig. 10) as a type 1 site, thus confirming a static region.
Note that the firstB-strand is flanked by mobile regions
identified as such by previous and current experiments.
Thus, although this stationary region in the middle of mo-
bile regions is puzzling, the agreement is reassuring. Like-
wise, type 1 sitescfrcled residuey for which streptavidin
binding reduces conductance but allows gating to occur, are
+ CLOSED-N OPEN CLOSED-P — located in the central portion of the molecule, in regions that

FIGURE 9 Mechanistic interpretation of the type 2 streptavidin effect. generally agree with previous results that identified sites

Type 2 sites are proposed to be on the sensor regions, and therefore ahere charge changes did n_Ot aI_ter Fhe steepness of the
only accessible to streptavidin in the closed state when a negative potentifoltage dependenceifcled residuesn Fig. 1).
is applied to the streptavidin side (CLOSED-N). The binding of streptavi- The conformation of the VDAC protein in each of the

din traps the channel in this closed state. closed states is undoubtedly very different. However, a
largely common sensor domain is probably moving in both
gating processes. Note, for example, that T53 and T69 are
on opposite ends of a proposed transmembrane strand (Fig.
The location of type 2 mutations agrees well with previous10). Streptavidin binding to either site locks the channel in
results that localized the voltage sensor based on the effects closed state. It seems most likely that those residues
of charge changes altering the gating properties of yeasepresent opposite ends of the mobile domain that can move
VDAC (boxed residues in Fig. 1). The sites identified in this out of the membrane in either direction, resulting in channel
work in N. crassaVDAC (boxed residues in Fig. 10) are in closure. Previous work showed that charge changes at many
the same regions—mainly in the first 80 or so amino acidssites affected the steepness of the voltage dependence of
and the very C-terminus, which would be adjacent to théboth gating processes. At one site, position 46, this was

+ CLOSED-N OPEN CLOSED-P —

+ streptavidin

Type 2 sites are located on the voltage sensor
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FIGURE 10 Transmembrane folding pattern showing the location of typerdldd residuesand type 2 gquared residugsmutations. This folding
pattern forN. crassaVDAC was derived (Song and Colombini, 1996) in analogy to that developed for yeast (Blachly-Dyson et al., 1990). The lines show
the boundary of the hydrophobic part of the membrane.



2940 Biophysical Journal Volume 74 June 1998

shown at the single-channel level. This is consistent with théocated in the midst of a mobile region. If that were the case,
observation that VDAC channels that have been closed by the protein connections might serve to limit the motion of
potential of one polarity must enter the open state befor¢ghe mobile domain and perhaps develop some degree of
closing in response to a potential of the opposite polaritytension that would be important in rapid reopening of the
(Colombini, 1986). It should be possible to distinguish channel when the transmembrane voltage is reduced (as
between the sensor motion in two directions by creatingoreviously proposed; Colombini et al., 1996). Clearly, the
VDAC molecules with biotin-modified residues at two sep- molecular rearrangements associated with voltage gating
arate positions and determining whether streptavidin affectare more complex than the simple movement of a contigu-
these molecules from one or both sides of the membran@us domain of the protein from the interior of the membrane
Such experiments, now under way, should also reveal newo the surface.

information about the topology of the VDAC molecule in
the membrane.

The current experiments monitor physical motion,
whereas the previous experiments on the steepness of tidthough an excess of biotinylating reagent was added to
voltage dependence detected motion of charge relative tthe VDAC-containing sample, the fraction of cysteines that
the electric field. The electrical potential experienced by areacted was variable. This probably reflected the degree of
charged residue on the protein can certainly change withoufccessibility of a cysteine at the particular location in the
physical motion of that charge. Therefore, a charged residugolecule. The biotinylating reagent hydrolyzes in water,
can influence the voltage dependence of the channel bsind so is only available to react for a short time. There is no
experiencing a change in electrical potential without mov-evidence for different populations of channels with different
ing through the membrane. If so, determining whether devels of reactivity to the reagent. On the contrary, the
charge change at a site influences the steepness of thiegree of biotinylation can be increased by using a higher
voltage dependence is not the same as measuring physidaltial concentration of biotinylating reagent. The degree of
motion. The fact that the results of the two approaches agrefgiotinylation of the poorly biotinylated site, D15C, was
so well demonstrates forcefully that we have identified theincreased from 32% to 69% by trebling the initial reagent
voltage sensor and that it moves through the membrane. concentration.

In this regard, there is a region in the middle of the central The extent of biotinylation of each cysteine substitution
static portion where the two types of experiments seem tgvas assessed after SDS-polyacrylamide gel electrophoresis
disagree. The 145-152 region has previously been proposeshder conditions that allowed streptavidin-biotinylated
to slide up and down during both gating processes. This wagDAC complexes to survive electrophoresis. As shown in
concluded from a study of the effect of charge substitutionsig. 11, unmodified or biotinylated protein in the absence of
at sites 145 and 152 on the steepness of the voltage depegtreptavidin has the molecular weight expected for the un-
dence (Zizi et al., 1995). E145K selectively increased thecomplexed, VDAC protein. However, on the addition of
steepness of the voltage dependence of one gating procesiseptavidin to biotinylated samples before electrophoresis,
only, E152K increased that of the other, and the doublea slower-moving complex representing streptavidin-VDAC
mutant E145K/E152K increased the steepness of both. The
simplest interpretation was a sliding strand. E145 moves

Estimation of the extent of protein biotinylation

through the electric field in one gating process and E152 in 1 2 3 4
the other. However, the fact that D156C displayed type 1

behavior is puzzling, because binding of streptavidin to this kD

sliding strand would be expected to interfere with the mo-

tion, especially motion away from streptavidin. Instead, as 70~ -

was the case for other type 1 mutations, motion toward
streptavidin was interfered with. One possible interpretation
may be that this strand is not physically moving. During the -
closing process, the conformational change of the channel 28 = . . .
changes the local electrical field felt by E152 and E145, and
in this way the charge at these sites affects the steepness of
the voltage dependence.
Another surprise was that S190 and T183 are found to be
type 2 sites. Although the region around these sites had N@GuRe 11 Wwestern blot of an SDS polyacrylamide gel of VDAC-
been tested for its influence on the steepness of the voltag&eptavidin complexes. Unbiotinylatetaifes 1and 2) or biotinylated
dependence, its location in the middle of an otherwise stati¢fanes 3or4) VDAC mutant A79C were separated by SDS-polyacrylamide

central region of the molecule is unexpected. The resem.lq:’(el electrophoresis witHgnes 2or 4) or without (anes lor 3) the addition
9 P P f streptavidin. The blot of the gel was visualized with anti-VDAC anti-

of long nontransmembrane protein regions .On ,elther side 0Eodies. The protein standards marked are 70 kDa and 28 kDa. The
the 176-185 transmembrane strand may indicate that thisercentage of dimer formation is 0.2%, and the percentage of biotinylation

strand is not located as illustrated in Fig. 10, but is actuallyis 92.2%.
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complexes was clearly separated from uncomplexedtream during the closing process. The lack of effect of
VDAC. Image analysis of the amount of VDAC in each streptavidin probably indicates that streptavidin is not bind-
band provides the estimate of the extent of biotinylationing to any VDAC conformation. If so, a likely conclusion is
of each mutant; this is shown in Table 3 (column 2, %that D15 is in the middle of the channel and moves to one
biotinylation). surface upon channel closure, but not far enough to be
A functional assay for the extent of biotinylation was alsoaccessible to streptavidin. Streptavidin is basically a 5.5-nm
used. Here, the percentage of the channels reconstituted @ube, and its surface must get within 0.7 nm of the sulfur on
the planar membrane that could respond to streptavidin wae cysteine for tight binding to biotin to occur (because of
assessed (Materials and Methods; Table 3, column 1). Thihe length of biotin’'s molecular tether and the depth of the
percentage of channels affected by streptavidin agrees quitending site on streptavidin). Thus steric factors could pre-
well at most sites with the percentage biotinylation deter-vent binding to sites even close to or at the surface. Exposed
mined by the gel assay. The differences (column 3, thelomains may have a structure that prevents access of
discrepancy) could arise from biased insertion of eitherstreptavidin to biotinylated residues after movement of
unbiotinylated or biotinylated channels, or from inaccessithese domains from sites within the bilayer to the surface
bility of at least some of the tethered biotin to the addedduring channel closure. The alternative explanation that
streptavidin. only unbiotinylated channels are inserting seems unlikely,
The sites with the highest discrepancy are D15, E58, anbecause that is not the case for nearby positions, such as 7,
E282. Although hundreds of D15C channels were tested, n2, and 23. The poor level of protein biotinylation at posi-
channels were ever observed to be affected by streptavidition 15, even when three times the normal amount of
despite the fact that the majority of channels have beemeagent was used, indicates that D15 is poorly accessible.
biotinylated, as assessed by the gel assay. Inaccessibilifyhis is consistent with a location in the middle of the
seems to be the likely explanation for the inability to ob-channel, perhaps forming a salt bridge with a neighboring
serve an effect of streptavidin binding on VDAC biotinyl- lysine residue.
ated at position 15. Because charge changes at this positionThe discrepancy for positions 58 and 282 likely results
were shown to influence ion selectivity in open channelsfrom biased insertion in favor of unbiotinylated channels.
but not in closed channels, and they altered the steepness BEcause many channels did bind streptavidin, streptavidin
the voltage dependence (Peng et al., 1992b; Thomas et alvas in excess, and the changes induced by streptavidin in a
1993), this position should face the ion stream in the opemultichannel membrane occurred over a relatively short
state and move through the field and away from the iorperiod of time, poor accessibility seems an invalid conclu-
sion. It also seems unlikely that there was a subpopulation
. . of biotinylated channels in a conformation where these sites
TABLE 3 Comparison of the percentage of reconstituted were inaccessible to streptavidin, because we went through
channels affected by streptavidin and the percentage of !

proteins biotinylated according to Western blotting assay many voltage-induce.d . ope'ning and ClOSi'ng FyCleS in the
presence of streptavidin without further significant effect.

Mutant % affected 9% biotinylated Discrepancy _Preference Assuming that biased insertion underlies the discrepancy,
s7C 33 59 —26 3 one can estimate the fold preference for insertion of unbi-
Sﬁg* <621 6‘;8 . 623 >18‘§ otinylated channels (column 4). For positions 58 and 282,
H23C 82 96 14 5 there would have to be a greater than 10-fold preference for
N38C 90 98 -8 5 insertion of unbiotinylated channels to account for the
T53C 79 77 2 0.9 observations.

E58C 27 90 -63 24

T69C 89 95 -6 2

A79C 80 92 -12 3

K92C 43 49 -6 1 Localization of sites at the rim of the channel

K112C 63 91 -28 6

T135C 80 86 -6 2 The degree of channel obstruction after streptavidin binding
D156C 58 35 23 0.4 can yield information on how close the cysteine (to which
;2?)0 3;3% %% 7_4; g the streptavidin is tethered) is to the channel opening.
R240C 83 92 9 2 Streptavidin binding to the channels containing the type 1
D264C 79 79 0 1 mutation results in a reduction of the conductance of the
E282C 44 89 —45 10 channel, which we interpret as a physical occlusion of part
GGC extension 65 81 —16 2 of the channel opening. The amount of reduction in con-

The discrepancy is % biotinylated % affected. The preference is (% ductance can be used as a measure of the extent of occlusion

biotinylated — % unaffected)/(% unbiotinylated % affected) and isthe gnd be related to the location of the site to which the
fold preference for insertion of unbiotinylated channels. streptavidin is attached

*The concentration of 3-N-maleimidylpropionyl)biocytin used to biotin- . . . . .
ylate this mutant was 9 mg/ml, instead of 3 mg/ml, to increase the degree The reqUIrEd structural information for the calculations is

of biotinylation. available. The binding pockets for biotin on streptavidin are
“Greater than 10-fold preference. deep. From the known crystal structure of streptavidin and
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from the length of the molecular arm connecting the cys-{tabular data in Fig. 13) to distances from the rim of the pore
teine to the biotin moiety, one can determine that a 0.7-nnftrianglesin Fig. 12). The results are shown diagrammati-
molecular linker connects the sulfur of the cysteine to thecally in Fig. 13. In the figure, the protein wall is taken as a
streptavidin surface, whose relative rigidity allows for ancylinder, using the diameter from Mannella’s measurements
estimated 0.5 nm in lateral motion. The molecular footprintof frozen/hydrated samples (Mannella et al., 1989). The
(Fig. 12) for streptavidin was obtained from published elec-thickness on each side of the wall is the average amino acid
tron microscopical analyses of arrays of streptavidin atside-chain length of 0.5 nm. The calculated distances were
tached to biotinylated phospholipid monolayers (Avila- applied as outward from the inner circle. The location along
Sakar and Chiu, 1996). The amount of occlusion of thethe circumference was taken from our current folding pat-
3-nm pore was calculated by assuming that the streptaviditern for the protein in the membrane. The effective distance
could move randomly and was only restricted by its attachbetweeng-strands is longer than expected, because of an
ment to VDAC through the molecular linker. The averageunknown amount of strand tilt in the protein.

fractional unobstructed pore area of 10,000 random strepta- This top-view projection shows the location of the type 1
vidin orientations (random values of anglesandé in Fig.  sites around the rim of the pore. The contribution made by
12) was determined as a function of distance of the attachthis analysis is an estimate of the distance of the sites from
ment site on VDAC (the cysteine sulfur) from the edge ofthe inner edge of the wall of the pore. When combined with
the pore {-pore radius in Fig. 12). This was used to generatehe identified transmembrane strands and the known struc-
the solid line in the figure. This theoretical line was used toture of B-barrels, one can obtain an idealized picture of the
convert the fractional conductance remaining after streptasurface structure of the channel. This is structural informa-
vidin binding to single channels with type 1 substitutions

Q
R 156
5 / 3
$ 2\ %
’E\ 4 - W ‘\)
= T streptavidin gpore (
o 3 -
s 3_‘?“'75‘61 S Q
‘s <
1.45 ©
E HL 1 I\
£
e
g 1r
S
B 1%
T gl
Position Fractional G distance (nm)
38 0.61 0.99
L ————— 92 0.69 1.27
02 03 04 05 06 0.7 08 09 10 11 112 0.68 123
fractional unobstructed area 130 0.51 0.65
135 0.52 0.69
FIGURE 12 Calculation of the degree of occlusion of the pore by 156 0.6 0.95
streptavidin binding to type 1 sites. The drawing within the figure shows 210 0.79 1.63
the opening of the channetifcle, 3 nm in diameter) and the streptavidin 240 0.63 1.06
contact region, or footprint, approximated as a rectangle 6265 nm). 264 0.61 0'99
Two biotin binding sites that would face the membrane surface are shown : :

as small circles 1.75 and 1.45 nm away from the edge of the footprint. A

short, thick line, representing the molecular linker of the biotinylating FIGURE 13 An end-view projection of a current model of the VDAC
reagent, connects one of these sites to the cysteine sulfur on VDAC. Thehannel, showing the location of the type 1 sites around the rim of the pore.
anglesa and & that were varied to randomly change the orientation of The theoretical line in Fig. 4 was used to convert the fractional conductance
streptavidin are defined as indicated in Materials and Methods. The calremaining after streptavidin binding to single channels with type 1 substi-
culated distance from the site of streptavidin attachment on VDAC to thetutions to distances of each site from the rim of the pore (tabular data). The
rim of the pore {-pore radius) is plotted against the averaged fractionalinner middle and outer circles represent the inner boundary of the channel
unobstructed area of the porso(id curvg. The fractional unobstructed where the amino acid side chains projecting into the pore end, the location
area was calculated by assuming that streptavidin could take all possiblef the protein backbone, and the outer perimeter of the channel proper
orientations and for values tfanging from 1.5 nm (located at the rim), to  (excluding extended surface domains), respectively. The calculated dis-
the point where no obstruction occurred at 0.1-nm intervals. The fraction ofances were applied as outward from the inner circle. The location along
conductance remaining after streptavidin binding to the type 1 mutanthe circumference was taken from our current folding pattern for the
channels was equated to the fractional unobstructed area and plotted on theotein in the membrane. The effective distance betwgesirands is
theoretical curvettiangleg. The locations on the protein sequence are longer than expected, because of an unknown amount of strand tilt in the
indicated. protein.
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