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Blockers of VacA Provide Insights into the Structure of the Pore
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ABSTRACT The cytotoxic effects of the Helicobacter pylori toxin VacA, an important etiogenic factor in human gastric
diseases, are due to its ability to form anion-selective pores in target cell membranes. We have studied the inhibition of
channel activity by 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) and 4,4'-diisothiocyanatostilbene-2,2’-disulfonic
acid (DIDS), representatives of two popular classes of chloride channel blockers, to gain information on the mechanism of
blocking and on the unknown structure of the VacA pore. The data indicate that both compounds produce a fast block by
binding to separate but mutually exclusive sites within the channel lumen. DIDS binds close to the pore opening on the side
of protein insertion, whereas NPPB blocks at a position in the opposite half of the channel. Although DIDS reaches the
blocking site by traveling along the lumen, inhibition by NPPB appears to involve mainly partition of the compound into the
membrane, voltage-independent diffusion from it to the inhibitory position, and voltage-dependent exit. The data are
consistent with a pore that can be more easily entered from the side of protein insertion than from the opposite end.

INTRODUCTION

VacA, a toxin produced bdelicobacter pylori(Cover and  dependent channels (Tombola et al., 1999a; Sztbal.,
Blaser, 1992; Montecucco et al., 1999), is responsible fod999; Iwamoto et al., 1999). We have provided evidence
the vacuolating effect exerted on a variety of mammaliarthat pore formation by VacA is closely associated with
cell lines by the supernatant obtained from cultures of thigoxin-induced vacuolation and TER decrease (Szstbal.,
bacterium (Leunk et al., 1988). It causes alterations inL999; Tombola et al., 1999a,b). This conclusion was based,
protein traffic (Satin et al., 1997), reduces the transepitheliahmong other evidence, on the observed strict correlation
resistence (TER) of model epithelia (Papini et al., 1998 hetween the inhibition by a set of chloride channel inhibi-
Pelicic et al., 1999) and is believed to be an important factokgrs of VacA-mediated current conduction through planar
in the genesis of the widespread gastroduodenal diseasgfiayers and HeLa cell plasma membrane and the toxin’s
associated witll. pylori (Telford et al., 1994). The mature, effects on cells and epithelia. Our current working model of
secreted toxin forms hexamers or heptamers with a ring/acA-induced vacuolation envisions the formation of an-
structure and a central depression (Lupetti et al., 1996on.selective channels in the membrane of late endosomal
Cover et al., 1997; Lanzavecchia et al., 1998; Czajkowskyompartments by the internalized toxin. The increased per-
et al, 1999). Isolated VacA becomes active upon preeapility to anions would result in increased proton pump-

exposure to acidic (de Bernard et al., 1995) or alkaling.q 1y the electrogenic V-ATPase, accumulation of osmot-

(\_(a_hlro et a_I., 1999) _pH. This treatment _mduces the dISSOically active ammonium salts (in the presence of permeable
ciation of oligomers into monomers, which expose hydro-

i . . o o e amines) in the endosomal lumen, swelling, and subsequent
phobic portions allowing their insertion into lipid bilayers,

. omotypic fusion to produce vacuoles (Tombola et al.,
where they reassemble into supramolecular structures ( .
Berard et al., 1995; Cover et al., 1997; Molinari et al., o % >2ab@t al, 1999).
ernarc et ., , Jover et a.,  Violinar €t al, 5 the literature, most of the compounds we investigated
1998, Czajkowsky et al., 1999). Secreted VacA has been L . .
. s VacA inhibitors have been consistently described as
shown (Garner and Cover, 1996) to bind to the host ceIE :
: : . - blockers. The most powerful (on VacA) of them, 5-nitro-2-
surface and to be slowly internalized and delivered to acidi . . :
. .@-phenylpropylammo) benzoic acid (NPPB), presents
compartments (late endosomes and lysosomes), which gi int tina feat hich d d th ii
rise to vacuoles in the presence of permeant amines (Papiﬁﬁme I?srgs m? dgadurez, V;’} I(f:1 d.ﬁepent_ ton't f € Sp?ﬁ' ¢
et al., 1994, 1997; Molinari et al., 1997). channel being studied and which differentiate it from other

The isolated, acid-activated toxin has recently beerpm(:kerS such as DIDS. To r_nenuon Just a few examples,
currents most probably carried by the volume-activated

shown to form anion-selective, low-conductance, voltage- ) . A
CIC-3 channel were inhibited by NPPB in a voltage-inde-
pendent manner, whereas the effect of DIDS on the same
channel was voltage-dependent (Schmid et al., 1998; von
Received for publication 20 January 2000 and in final form 17 May ZOOO'WeikersthaI et al., 1999; Dick et al., 1998). The same
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zoratti@civ.bio.unipd.it. currents recorded after injectingenopusoocytes with a
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this case extracellular DIDS had no effect. On the otheDetermination of the pKa of NPPB

hand, e.g., the anion currents eliciteddanopuoocytes by . o .
Ll . The equilibrium constant for the dissociation of NPPBH was obtained (as
Injection of xCIC-5 (SChmleder etal, 19_98)' hpICIn and shown in Fig. 1, curve) by plotting the concentration of NPPB versus pH
hCIC-6 (Buyse et al., 1997) cRNA, believed due to anaccording to the relationship:

endogenous conductance activated by the expression of any Kaopth

one of these proteins, were inhibited by both NPPB and [NPPBJ/C = 1/(1 + 107*?") (1)
DIDS in a voltage-dependent manner (Schmieder et alypere ¢ is the total concentration of NPPB in solution, i.e= QNPPB ]
1998). The extent of inhibition was side-of-addition-depen-+ [NPPBHL,,. [NPPB ] was determined spectrophotometrically from the
dent in some cases (Tilmann et al., 1991), but not in othersbsorbance of solutions at the peak wavelenytk, 412 nm ¢ = 15,000
(Singh et al., 1991). At the single-channel level, NPPB! - mol - cm™), assuming a unitary activity coefficient. NPPB from a

stock dimethylsulfoxide solution was added to aliquots of 0.5 M KCI, 10
prOduced’ for example’ a decrease of the observed Channnéifl citrate/K*, 10 mM phosphate/K, 10 mM HEPES having pH values

conductance, interpreted as a fast block, in the case of 3Qgjusted with KOH) between 3.0 and 8.0, to a nominal concentratjon C
outwardly rectifying chloride channel from colonic entero- 50 uM. After overnight equilibration, any NPPBH precipitated (in the
cytes (Singh et al., 1991)_ A slower, flicker-type block waslower pH range) was removed by centrifugation, and the absorbance of
observed, for example, in the case of an outwardly rectify_aliquots of the supernatants was measured. The pH of these solutions was
. . . then brought to 8.0 by adding predetermined volumes of Tris solution to
ing chloride channel from a human colon carcinoma cell A )

. ; . . . cause the complete dissociation of the acid, and the absorbance was
line and respiratory epithelial cells (Tilmann et al., 1991) ycasured again to determine C.

and of a volume-activated endothelial Cthannel (Nilius

et al., 1994). Studies accounting for these differences and

clarifying the underlying mechanistic variants are Iacking.RESU'-TS

VacA thus represented a good model system for an inveseyrrent conduction by a channel may well be decreased by
tigation of this type In the case of this Channel, the titrationuncharged permeating molecules (e_g_, Bezrukov et a|_,
curve relating current conduction to [NPPB], as well as1994; Linsdell and Hanrahan, 1996), but the term “open
those obtained with two other fenamates and with-RR-  channel block” is often used to refer to the binding of a
[(2-Cyclopentenyl-6, 7-dichloro-2, 3-dihydro-2-methyl-1- charged species to a site or sites within the pore, resulting in
0x0-1H-inden-5-yl)oxy]acetic acid (IAA-94), has two com-
ponents, the minor one of which represents a residual,
hard-to-inhibit conduction (Tombola et al., 1999b).

. T 70+
We have studied the inhibition of VacA pores by NPPB
and by 4 4-diisothiocyanatostilbene-2;2lisulfonic acid 10 o
N . . 60 90 O
(DIDS), to obtain indirect structural information on the o 1 <
channel using the blockers as probes, and to clarify the 50 o 41 Los 1y
mechanisms involved, which may also apply in other cases. o
- L
= 0,6 =
MATERIALS AND METHODS rg / 3 "5
c /
VacA was purified fromH. pylori strain CCUG 17874, as described \Z 304 a ﬁ 8
(Manetti et al., 1995; Tombola et al., 1999a), and used after preactivation © 1 / 04 —
by exposure to low pH in planar bilayer experiments conducted as previ- 20 / y b m
ously reported (Tombola et al., 1999a,b). Perfusion of the chambers to o “ &
eliminate added toxin was not normally performed, because it entailed a 104 / 0.2 Z,
high risk of membrane loss. In this paper tiecompartment is defined as 14
the one containing the active electrode, whose voltage relative to ground
(in trang) is reported. Thecis compartment was also, unless otherwise 0 0.0

specified, the chamber into which the toxin was added, the toxin addition 30 ) 40 ' 5.0 6.0 7.0 8,0
side (TAS). Current (cations) flowing from th@s to the trans side was
considered positive and plotted upward. The planar membrane was formed pH

by diphytanoyl-phosphatidylcholine (DPhPC; Avanti Polar Lipids, Alabas-

ter, AL). The experimental media contained 0.5 M KCI unless otherwiseFIGURE 1 Acid/base equilibrium of NPPB and inhibition of current
specified, plus 0.5 mM Caghnd MgCl, and 10 mM Hepes/K, pH 7.2. conduction as a function of pH. The concentration of NPPB anion,
Single-channel experiments were conducted with a 4:1 [KCI] gradeesnt ( [NPPB™], in nominally 50 uM solutions was determined as a function of
2.0 M; trans 0.5 M), and the toxin and inhibitors were added to tfeas pH as indicated in Materials and Methods. The measured values, divided
compartment. The side of toxin addition in these experiments was chosefy either the total concentration of NPPB in solution £C[NPPB™] +

in view of the voltage dependence of the channels (Tombola et al., 1999a]NPPBHYL,,; [, curvea) or by 50 uM (C,; O, curveb) are plotted versus

to maximize the current flowing at positivei§) voltages. Despite this, in  pH. The percentage of inhibition of current conduction by VacA (\40

the presence of inhibitor the apparent single channel conductance>at V. mV; 500 mM KCI medium) by nominally 5¢uM NPPB (cis) at various

0 could be reliably determined in only a few experiments. Sources andnedium pH values is also show®; numbers in brackets refer to the
stock solutions of the inhibitors used were as described by Tombola et ahumber of experimental values averaged; error b&uSE). See text for
(1999b). details.
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a decreased current flow while the binding lasts. Since we A

propose that inhibition of vacuolation by this and other No addition 0 pA
compounds descends from a block of VacA channels in the | ‘
late endosomal membrane, it was of interest to determine
whether a large fraction of NPPB can exist as the anion at
the pH values thought to prevail in late endosomes {pH . 500 S

5-6; e.g., Alberts et al.,, 1994; Altan et al., 1999). We . ‘—~| ——
therefore determined the previously unknown pKa of NPPB B somy 1pa  filter: 100 Hz
as described in Materials and Methods, obtaining a value of + NPPB 0 pA
3.9 = 0.1 from the best fit of curvea in Fig. 1. Thus,
NPPB" is expected to be the predominant form in solution
at pH > 4. We next sought to establish a correlation
between the extent of channel inhibition and [NPRBr
[NPPBH]Jn solution. As shown by curvein Fig. 1_, pI_ot_s_ C No addition 0 pA
of [NPPB] versus pH and of percent of channel inhibition y ' b ' | M
versus pH were superimposable W_lt_hln experlmgntal error. M’ MWWWW"MW WWWWWW " IW WNW
However, because of the low solubility of the undissociated

acid in aqueous media, in these experiments, which em-

ployed a concentration of NPPB (5(M) causing consid- 50 ms ]
erable inhibition at pH 7, a precipitate started to form as the 80 mv A filter: 5 KHz
pH was lowered below about 6. Given the presence of the D +NPPB 0 pA

solid, in the acidic range a constant and lowQO(5 uM)
concentration of NPPBH was present. The accuracy of
our data does not allow us to distinguish whether channel
inhibition correlates with [NPPB] or with ([NPPB] +
[NPPBHL,). It is clear, though, that it does not correlate
with [NPPBH; 4| No addition

We next performed single-channel experiments, illus- -80 mV
trated in Fig. 2. VacA channels display slow and fast gating _ Al
modes: closed times in the several millisecond range sepa-£
rate longer periods of fast bursting activity (Fig. 2;D).
The slow gating is voltage-independent (Tombola et al.,
1999a). Within bursts, most transitions cannot be fully
resolved even at filter corner frequencies of 5 KHz. Single 4|
channel currents {i,) could, however, be measured from
relatively long-lasting events using high filter cutoff fre-
quencies (3-5 KHz) and sampling rates (20-50 KHz). For — -
simplicity, we assume here that VacA can adopt only one 4 3% 2 4 0 4 4 3 2 4 0 1

. e i (pA) i (pA)

current-conducting state. Records such as those exemplified
In Fig. .2.’ C andD, _sugg_est that within bursts, the open FIGURE 2 Inhibition of single-channel current conduction by NPPB.
probability of the uninhibited channel was not far from 0.5 gyperiments with 2.0 M KCI in thesis compartment and 0.5 M KCI in
(see also lwamoto et al., 1999). The presence of NPPRBans Pre-activated VacA was added to thenscompartment. lllustrative
results in an apparent decrease of the channel conductanogrent traces recorded in the absenfeq presencef) of 50 uM NPPB
(compare traces A and B with traces C and D, Fig. 2)_in_ the trans compgrtment. The same channel was activeAnand @).
Full-size current steps could still be identified using highf"te“ 100 Hz. Digital sampling: 1 KHz. V:-80 mV. (C) and ) Traces
. . ) . rom the same experiment as id)(and @), filtered at a corner frequency
filter settings in the presence of M NPPB, but not with of 5 KHz and sampled at 50 KHzEJ and F) Amplitude histograms
50 uM inhibitor (not shown). Fig. 2E and F, presents obtained from longer sections of the record illustrated A 4nd @),
current amplitude histograms derived from longer stretchegespectively.
of the records illustrated by Fig. 2 andB, fitted with the
sum of two gaussian distributions. The larger peak repre-
sents the current conducted by the bursting channel. Thamplitude peak, i.e., of the mean current conducted by the
smaller one, close to + 0, collects the baseline, closed- channel, can be plausibly accounted for by a reduction of
channel current, and its presence is due mainly to thé¢he channel open probability {R according to the relation-
relatively long closed periods due to the slow gating modeship (ig .0 = iscnPor P, here indicates the probability of
The shift toward zero in the position of the bursting currentfinding the channel in the current-conducting state, i.e.,

Kpoints/bin

Kpoint:
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FIGURE 3 Selectivity with and without NPPBAY Single-channel I/V
plots. In all cases the medium was 2:0.5 dis(trang KCI. The toxin and
NPPB were added to tteans compartment. Curva: No inhibitor added.

Amplitude data were obtained from direct measurements of some of thé*

Tombola et al.

P, =1 — Pyosed— Poiockea The shift in the presence of the
inhibitor is accompanied by a reduction of the histogram’s
width, i.e., of the standard deviation of the mean current,
This effect can be rationalized on the basis of the relation-
ship (e.g., Verveen and De Felice, 1974):

o’ = ié.ch.Po(l - Po) (2)
The plot of this function is a parabola with its maximum at
P, = 0.5. If the R, of the uninhibited channel is-0.5, its
reduction due to blocking is expected to result in a decrease
of o. At present it cannot be completely excluded (but see
below) that NPPB binding causes only a decrease, rather
than a complete block, of current conduction by the channel.
In this case the reduction af might be accounted for by
this decrease. Within this hypothesis, the residual, hard-to-
inhibit current flowing at high concentrations of NPPB
(Fig. 2 in Tombola et al., 1999b) would be carried by the
channels in this partially inhibited state, whose conductance
would be approximately 12% of the uninhibited level.

The effects of NPPB are consistent with a fast open
channel block. Alternatively, 1) the blocker might bind in
the channel lumen determining only a partial reduction of
the ion flux without grossly altering the gating kinetics, or
2) NPPB might bind to an external site determining either
the partial or the complete closure of the pore with fast
characteristics. Although these alternatives cannot be com-
pletely excluded, they are made unlikely by the results and
considerations presented below.

We determined whether the selectivity of the channels
partially inhibited by NPPB differed significantly from that
exhibited by the untreated channels. This would not be
expected to be the case if the current in the presence of
NPPB is carried only by a fraction of unblocked, i.e.,
inhibitor-free, channels. If, instead, NPPB acted according
to hypothesis 1) above, the presence of an anion in the
channel lumen might affect this property. Fig A3shows
single-channel I/V plots obtained by plotting averaged am-
plitudes determined from current traces recorded at high
filter cutoff frequencies (curve, circles), or from the peak
of gaussian fits analogous to those shown in Fidz andF,
without (curveb, square$ and with (curvec, triangleg 50
M NPPB. The channel remains anion-selective in the

longest-lasting events in current traces recorded with a filter cutoff fre-Presence of the inhibitor, though the lack of data in the most

quency of 4 KHz and a sampling frequency of 20 KHz. At least 10
independent determinations from 4 separate esperiments were averaged
each point. Error bars represent standard deviations. Cbraeesic: The

data are the difference between the peaks of gaussian distributions corre-
sponding to the baseline current (closed/blocked channel) and to thQ

current conducted by the bursting channel (see Fide 2ndF). Curvec
was obtained in the presence of B NPPB ¢rans). The points plotted
are the mean values;SE, obtained by averaging 4 to 21 determinations of
the current at a given voltage in the presencetrfangles or absencely;
square$ of inhibitor, except for the values at40 mV in curveb, and at
—20 and +100 mV in curvec, which are single determinations. The
interpolations are third-order polynomial fits of all the individual data (not

relevant region did not allow a precise determination of the
feversal potential in single-channel experiments. In multi-
channel experiments (Fig.B, the reversal potentials in the
resence of NPPB were close to the value obtained with
uninhibited channels under the same conditions {32

sampled at 1 KHz. B) I/V plot from a representative multi-channel
experiment conducted in 390:100 migig:trang KCI. Toxin and inhibitor

of the averages). The original current records were filtered at 200 Hz anét the concentrations indicated were added tocikeompartment.
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mV; Tombola et al.,, 1999a). We observed, Eshifts of
—0.8+ 0.6,—2.4+ 1.0, and—3.2 = 1.5 mV with 50, 200,
and 500uM NPPB, respectivelyr( = 3). Variations of this
magnitude are within the combined experimental error and
can be plausibly accounted for by the formation of a more
negative surface potential because of NPPB incorporation 500 ms S

into the membrane (see below); note that with 500 B S0 mv |1pA filter: 100 Hz

NPPB, current conduction is inhibited by85% (Tombola +DIDS 0 pA

et al., 1999b). These results are consistent with the assump-—- e
tion (although they do not prove it) that in the presence of W . WWMMM
this compound VacA channels are either in a blocked,

nonconducting state or in a free, normally operating state.

For the sake of comparison, we examined the effects of Cc No addition
another inhibitor and presumed blocker, DIDS, on the sin- ‘
gle-channel records. As shown in Fig. 4, DIDS apparently ”W”’WW mm ]
behaves much like NPPB, supporting the idea that both | i)l

A No additi“on 0 pA

0 pA

;lrww'wwl HI}WHHIWMW uwlmu

compounds produce a fast block. At a concentration of 100 I'[F1] {I.7" -42pA LT LR R A Ut o 1 B L
uM in the ci’TAS (toxin addition side) compartment, rare

full-size events could still be detected, suggesting a slower D B0 mv %1 oA filter: 5KHz
rate of inhibitor binding than with 5@M NPPB. +DIDS 0 pA

We next examined the dependence of VacA inhibition on e
the side of addition of the inhibitor and on voltage. VacA ‘
inserts with a nonrandom orientation (Tombola et al.,
1999a), and the oligomeric channel may be expected to be _ T

90}
1.5+

Kpoints/bin

o
©
T

3,0}

2 -1 0

asymmetric with respect to the plane of the membrane, i.e., E F

to present different energy barriers for blocker entry/exit at 2°[ No addition

the two ends. Furthermore, a transmembrane potentigd ( 8o mv

mV) was applied in these experiments, which ought to _

influence the motion of the anionic inhibitors within the $§

channel. We thus expected to observe steric and electrica'g ’

effects leading to different extents of inhibition depending * °f ‘

on whether the compounds were added todis AS or to |

thetransside. This was the case for DIDS and 4-acetanido- 4| I

4'-isothiocyanatostilbene-22isulfonic  acid  (SITS) ‘

(Fig. 5A), which inhibited to a greater extent when added ;m“

on the TAS, indicating that access to the lumen from the © <

opposite {rans) side was more difficult. Indeed, SITS had a4 3 - 1 1

no effect at all when added ittans, providing definitive HPA) e

evidence for asymmetry and a 100% specific orientation of

VacA channels in planar bilayers. However, to our surprise,F'GU_RE 4 Ir_1hib_iti0n of VacA_ single channels by DIDS. E_xperimental

NPPB inhibited to the same extent from either side, and th :ndmons as in Fig. 2. lllustrative 'current traces recorded |n'the. absence
. . ) or presenceR) of 100 uM DIDS in thetranscompartment. Filter: 100

effects were additive, in the sense that the same percentagg Digital sampling: 1 KHz. V:—80 mV. (C) and ©) Traces from the

of inhibition was caused by a given concentration on oneame experiments as iA)and @), filtered at a corner frequency of 5 KHz

side or by a 50% lower concentration on both sides (Fig. 5nd sampled at 50 KHzEf and ¢) Amplitude histograms obtained from

D). To analyze the voltage dependence of inhibition WeIonger sections of the records illustrated in (A) al), fespectively.

used the rectification ratidl “/I 7|, defined as the absolute

value of the amplitude of the current flowing at a given

Cis/TAS-positive potential divided by that measured at theplotting |I /1| versus the absolute value of the potential,

opposite voltage (under symmetrical salt conditions). ThigV|, is summarized by Fig. B, C, E, andF. In the absence

parameter offers the advantage that it can be measuresf inhibitors, the ratio is always:1 and it decreases with|

accurately and repeatedly during an experiment even in th€Tombola et al., 1999a), as indicated by the dashed line,

presence of continuing toxin incorporation, because sequemeflecting the intrinsic voltage dependence of the channel.

tial measurements at opposite voltages can be obtained wiilith 200 uM DIDS in the ciSTAS compartment (Fig. B,

atime separation of milliseconds. The behavior observed byriangles) the ratio becomes1 and the slope of the plot

Biophysical Journal 79(2) 863-873
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FIGURE 5 Side-of-addition- and voltage-dependence of inhibition by SITS, DIDS, and NRPBe(cent inhibition of current conduction by VacA by
200 uM DIDS added to theis (column 1) ortrans(2) side and by 20@M SITS incis (3) ortrans(4) V = —40 mV. The number of determinations (from
separate experiments) averaged is indicatByl.P(ot of the rectification indexl */I~| vs. [V| measured with 20M DIDS in cis (triangleg or trans
(square$. Thedotted lineshows the best fit of the analogous plot in the absence of inhibitors (Tombola et al., 1999&3.i0 (B), with 200 uM DIDS

in both cis andtrans compartments.[¥) Percent inhibition of current conduction by 1@ NPPB incis (column 1) ortrans (2), by 200uM NPPB in
cis (3) and by 100uM NPPB in both thecis andtrans compartments (4Y = —40 mV. E) As in (B), with 100 uM NPPB incis/TAS (dark circleg or
trans (open squarés (F) As in (B), with 200 uM NPPB in cis (dark triangleg or 100 uM NPPB in bothcis andtrans chambers ¢pen circle. All
experiments were conducted in symmetrical 500 mM KCI. VacA was added twmsbempartment. Error bars indicate SE. FBJ,((C), (E), and €), the
data plotted represent the average of 4 to 7 independent determinations.

versus|V| becomes positive. A less marked and oppositevhen present on the same side as the toxin, and by 81.7
change is observed when the inhibitor is addedrams. 3.1% ( = 5) when added on the opposite one.

These results can be interpreted in terms of a block involv- The behavior observed with NPPB was also, in this case,
ing the migration of the negatively charged blocker alongstrikingly different: irrespective of whether the compound
the channel lumen. When the inhibitor is present indlee  was added ircisTAS or trans, with 100 uM inhibitor the
compartmentgis-positive voltages hinder its migration to rectification ratio was>1, the slope of the plgt */I 7| vs.

the binding site within the VacA pore, whileis-negative |V| was positive, and the data obtained under the two
voltages favor it. Exit to theis side, presumably the major conditions were coincident within experimental error
route in view of the restriction on thteansside, is expected (Fig. 5 E). Thus, the rectification ratio was voltage-depen-
to be favored bycis-positive potentials, and slowed by dent, but it was not influenced by the choice of the side of
opposite voltages. As a result, current conduction is inhibaddition of NPPB. Furthermore, the same extent of inhibi-
ited more at negative than at positive voltages. The conversion at the various voltages, i.e., the saiidl ~| vs.|V| plot,
holds when DIDS is present ittans (Fig. 5 B, square$.  was obtained with a given concentration of NPPB in one
With DIDS in both compartments at the same concentratiocompartment, or with a 50% lower concentration in both
an intermediate curve with a positive slope was obtainedgcompartments, as exemplified in Fig.F5

reflecting the prevalence of inhibition from theis side The curves relating) */17| to |V| depended on [inhibitor]
(Fig. 5C). To evaluate the relative intrinsic ease of accesgadded to thecis/TA side) as shown in Fig. & for NPPB

by DIDS to its blocking site from the two sides, we mea- and Fig. 6B for DIDS.

sured the inhibition of current conduction at 0 mV in the To explain the voltage dependence of inhibition by NPPB
presence of a KCI gradient ((KCK 0.5 M in the DIDS-  one can formulate two hypotheses: 1) NPPB binding is itself
containing chambe M in the opposite one). Under these voltage-independent but causes the channel to adopt a sub-
conditions 20QuM DIDS inhibited by 86.6+ 2.4% (= 3)  conductance state having the appropriate voltage depen-
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Kq4is linked to the fraction of ligated (i.e., blocked, in our

15 NPPB 7 scheme) channel®, by Langmuir's isotherm (e.g., Hille,
- A
14l 6 1992):
sl 5 0=11+KJLD, or (1-6)=KJKs+[L) (3
=12 i 4 where [L] is the concentration of ligand. In the presence of
o ] blocker:
— 1k 3
- ] = [ 7)] (P3P # [(1— 6)* /(1= 6)]
10 +
: 2 = 1o * [~ 01— )]
09 +
" where the+ or — superscripts refer to the application of a
08 i 1 cis-positive orcis-negative voltage of a given magnitude, i
N T T R SR is the current conducted by a single unblocked channgl, P
20 40 60 80 100 is the open probability, defined here as the probability of
VI (mV) finding the unblocked channel in the open state, i.e., as the
20 P, of the channel in the absence of inhibitors £16) is the
B DIDS 6 fraction of blocker-free channels, afid /I |, is the recti-
181 fication ratio in the absence of inhibitor. Substituting (3)
into (4):
16
= N[ = [ o # {IK G /(Kg +[L DK /(Kg + [LDT}
+ 14
— = 17 ]o = {(ILVKg + DILYKS + )}
12r = [IF 1 Jp* & (5)
10 with:
08 - O =[N N |o = {((LVKg + D/(LVKG + 1)} (6)
I T T T T where L stands for NPPB or DIDS. Fig. &,andB, shows

20 40 60 80 100 plots of ® vs. [L] for five values of|V|. The data have been
VI (mV) interpolated using Eqg. 6 to obtain estimates qf & the
various voltages, and the values thus obtained are plotted
FIGURE 6 [I*/17] vs.|V| plots at various concentrations of NPPB) (a5 a function of the voltage applied in this chamber in
and DIDS B). (A) Plots analogous to those presented in Fi®,5;, E,and Fig. 7.C andD. The pIots are biphasic: in both cases K

F, obtained with [NPPB]; = 0, 10, 20, 50, 100, 200, and 5QM for . . . L "
curves 1-7, respectively. Conditions as for Fig. B) Plots as in 4) for values increase with increasing potential in the positive

DIDS. [DIDS]. = 0, 20, 50, 100, 200, and 500M for curves 1-6, range.
respectively. Data are the averageSE of 3 to 5 (NPPB) or 3 to 8 (DIDS) It was also of interest to investigate whether NPPB and

independent determinations, except for curve 1 in béthand @), for  D|DS would exclude each other from their inhibiting site. In
whichn = 15-16. the two extreme cases a) the binding of one inhibitor at its
blocking site completely prevents binding of the other in-
dence (opposite to that of the full conductance state). Thigibitor at its site, which might or might not be the same
subconductance state would carry about 12% as much cumutually exclusive binding), or b) each inhibitor can bind
rent as the fully conductive state, as discussed above. 2p its blocking site regardless of the presence of the other,
NPPB binding, i.e., the Kof the binding equilibrium, is and with unaltered equilibrium constants (independent bind-
voltage-dependent. ing). The percentage of inhibition (or percentage of residual
The voltage dependence of the putative substate would beurrent) resulting from application of a cocktail of two
given by the|l™/I7| vs. [V| plot at maximum inhibition inhibitors can be predicted for each of the two models from
(curve 7 in Fig. 6A). From the curve and the conductance chemical principles and from the experimentally determined
attributed to the substate, one can thus calculate what re@mhibition caused by each inhibitor alone. The result of the
tification ratio should characterize any given partially in- relevant experiments, performed with p® NPPB + 100
hibited population. The calculated and obserjet/l | uM DIDS (cis’'TAS) and summarized in Table 1, is in good
values are discrepant in all cases (except, of course, that eigreement with the prediction based on the mutually exclu-
maximal inhibition), thus making hypothesis 2) above moresive binding model, indicating that the binding of DIDS at
likely. its blocking site prevents block by NPPB, and vice versa.
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TABLE 1 Competition experiments

Residual current

Inhibitors % n

50 uM NPPB (is) 37.0+ 2.0 9
100 uM DIDS (cis) 32426 4
100 uM DIDS + 50 uM NPPB 208t 1.7

predicted for mutually exclusive sites
100 uM DIDS + 50 uM NPPB 12.0+1.6

predicted for independent sites
100 uM DIDS + 50 uM NPPB 23.3x23 5

experimental value

This supports the notion that the binding sites for the two
blockers are located on the inside surface of the pore.

DISCUSSION

To rationalize the observations, we introduce the hypothesis
that NPPB reaches the blocking site within the VacA chan-
nel mainly by a voltage-independent and side-of-addition-
independent pathway, presumably by entering the lumen of
the oligomeric channel from the lipid bilayer, after parti-
tioning into the latter from either theis or thetrans aque-

ous phase. The rate of access and binding to the blocking
site from the aqueous phases,SNPPB],s +
K§an*[NPPB],.ns is considered to be negligible in compar-
ison to KI*™*NPPB],,em», NPPB is an amphipathic mol-
ecule that would be fully expected to dissolve into a phos-
pholipid bilayer, and similar compounds permeate
biological membranes (McCarty et al., 1993; Schultz et al.,
1999). The partition factor between an agueous solution and
the polar aprotic solvent chloroform is 1:12 (92.3% of
NPPB is extracted from a 1QoM solution in 500 mM KClI,

10 mM HEPES, pH 7.2, by an equal volume of chloroform).
Decane, an apolar liquid, is not a good solvent compared to
water (5.9% of NPPB is extracted), suggesting that in the
membrane NPPB might associate to a considerable extent
with the polar headgroups of phospholipids rather than
residing in the apolar inner region. If NPPB partitioning into
the membrane is a diffusional process, its concentration in
the bilayer would depend, simply through a proportionality
factor at least in the lower concentration range, on the mean
concentration in the aqueous compartments bathing the
membrane, i.e., exposing the membrane to a given concen-
tration C on one side and to NPPB-free medium on the other
would be equivalent to exposing it to [NPPB]C/2 on both
sides, thus explaining the data in Fig. B, and F. To
account for the effects of voltage, NPPB is postulated to

® vs. [DIDS] (+ SE,n = 3-8) analogous to that reported #)((C) KYFPB

FIGURE 7 Voltage dependence of the dissociation constants of NPPEstimates from the fits in4) plotted vs. V and fitted according to Eq. 7.

and DIDS. @) Plots of @ (defined in text) vs. [NPPB] for th¢/| values
specified at the right of each curve-(SE, n = 3-5). Interpolation
according to Eq. 6 yields Kestimates at the various voltageB) Plots of
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The fit shown ha$ = 0.6 and B/ba"s= 1.4 (see text).) K5'°S estimates
from the fits in B) plotted vs. V and fitted according to Eq. 8. Error barsG (
and Q) are standard deviations from the fits #) @nd 8).
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leave the binding site at least in part via voltage-dependerdite can safely be localized as closer to titams than to the
pathways, namely along the channel. Because the voltageAS pore end, since no reasonable fitting curve can be ob-
dependence is relatively weak, however, it is possible thatained when imposing = 0.5.

voltage-independent return to the membrane constitutes an For channel block by DIDS (present only on tbie/TA

important “off” pathway. side), K is given by:
In the proposed scheme, the rate of NPPB binding to the ds | Lans s
blocking site, given essentially by?8™*[NPPB], .cmp IS Ka= (kaif + Kaii )/Kan
not voltage sensitive, as is also the reverse process, whereas — [cis _
the constants for unbinding and exiting through the channel, = bl * expl( = 62FVI2RT)
¢ and K'2"S are. Voltage thus affects the apparent disso- + banssx exp((1 — 8)zFV/2RT)]
ciation constant of the blocker, which, given the assump- A
tions made, can be defined ag(i) = (KTe™P+ KkSiS(V) + + bgs + exp(6zFV/2RT) (8)

kgféfms(v))/komnemb = (nfreanbounc)*[NPPB]memb where Ree - . . . .

and f.,.q are the numbers of free and NPPB-bIockechri‘Se f:gngf the data in Fig. D is best withé ~ 0.19 and
channels in the membrane, respectively. Based on the r&of Qoi  ~ 8.4, and rapidly worsens as these values are
sults obtained with SITS and DIDS, the VacA channelchanged. Imposing = 0.5 leads to utter fitting failure.
appears to be more readily accessible from the TA thar] NUS: DlD,S appears to bind close to tie-side mouth,
from thetransside. We may therefore expect NPPB exit to 21d the binding sites for DIDS and NPPB are likely to be

the TAS to be favored, i.e., at least in the absence of &iStinct

transmembrane electrical fielcEk> k" The application Because of .the principle 'of microscopic reyer5|pll|ty, if
NPPB can exit the pore via its water-filled interior, the

of increasingly positive potentials icis should accelerate h % ht al X h h
the rate of exit, thus decreasing the overall apparent affinitfNannel lumen ought also to provide an access path to the

of NPPB for its binding site and increasinfikand the K, locking site(s). The model envisioned, however, considers

as observedCis-negative potentials would be expected to thiS diffusional process to be much less efficient than in-
hinder the migration of NPPB toward thecis side, thus hibitor supply via the hydrophobic pathway. Some evidence

decreasing %5, k"2 is conversely expected to increase. supporting the existence of an aqueous pathway is provided

The data in Fig. 7C indicate at most a modest increase of by the titration curves relating current .conduction to
K4 as Ve is made more negative. Factors that might Con-[T]PPB%is (Tombola etfal., 1999:;)_)..As Imentloned, the data
tribute to this behavior are steric hindrance to exit of NPPB? ow the prese?ce % anf unlnl ibitable lcurrentl accounting
to thetrans (non-TA) side (i.e., a low pre-exponential term O @pproximately 12% of total (Tombola et al., 1999b).

for kirans pirans in Eq. 7 below), and a weak voltage depen- Incompllete block hyppthesis (sge above) aside,_ this compo-
ans nent might be tentatively explained by proposing that the

dence of E3"s if the binding site is in a deep position in the ;
transmembrane field with respect to ths/TAS aqueous membrane becomes saturated with NPPB at some [NPPB]
< 500 uM, and that under these saturation conditions the

phase. Using Woodhull's two symmetrical barriers model ) , ]
(Woodhull, 1973; Hille, 1992) the data in Fig.Q can be rate of NPPB entry into the channel via the hydrophobic
fitted with the equation: pathway is about 7.3 times as high as the overall exit rate.

The fit of the titration data (Tombola et al., 1999b, Fig. 2)
Ky = (Kmemb 4 Cis 4 [rans/jcmemb improves somewhat (not shown) if a second component is
added, i.e., if the equation used becomes:
= [KmemP + pCe « exp( — 8zFV/2RT) (7)

Yor . = 100— Py/(1 + Kgi/[L]) — P/(1 + Kgl[L]) 9
+ bia"s s« exp((1 — 8)zFV/2RT)J/Khemo

Optimization yields R = 82.3 = 3.6, B = 100, Ky; =
whereé is the “electrical distance” of the binding site from 16.0 = 1.8 uM, K4, = 5.8 £ 3.4 mM, consistent with the
thecisaqueous phaseSh(bla™ is the rate constant for exit presence of a parallel low-affinity inhibition process leading
to the cis (trang side at O applied voltage and the otherto complete channel block at high [NPRB] The charac-
symbols have the usual meanings. The fit of the data in Fig. Teristics of this presumptive low-affinity inhibition could
C with Eq. 7 is optimized withs = 0.6 and B§/bIa"S= 1.4.  not be investigated further, because of the limited solubility
However, only slightly worse fits are obtained with higter of the compound. Clearly, at any rate, it would not contrib-
values and lower $§/b@"ratios, in the range 0.6 = 0.9  ute appreciably to the form of the voltage dependence
(1.4 = bZsmians = 0.3). The observed voltage dependencecurves and rectification index v§/| relationships.
may thus be accounted for by any of a number of possible The data allow us to propose a working model of VacA
combinations envisioning a binding site located more/lesblock, schematized in Fig. 8. It should be made clear that
deeply (with respect to the TAS) in the channel, together witlthis model applies to VacA, and it is not meant to be
a more/less intrinsically easy exit toward tih@nsside (com-  generally valid. The major points may be summarized as
pared to exit to the TA side). In any case, the NPPB bindingollows:
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quiring a negative charge which would favor its prompt
expulsion in the presence of an electrical field. The planar
membrane with inhibitor on one side only is an out-of-
equilibrium system in which a flow of NPPB from one
compartment to the other takes place. If diffusion of NPPB
from the bulk aqueous phase to the membrane/solution
‘ ) e, interface were the kinetically limiting process (i.e., much
-~ ff// ‘ slower than protonation and subsequent diffusion of
NPPBH into the membrane and then to the other side or into
the channel), as seems quite possible, the concentration of
NPPBH in the membrane would be expected to be propor-
tional to the average [NPPB in the aqueous phasesig
and trans compartments), in agreement with the behavior
illustrated in Fig. 1 (curveb).

The possibility that arylaminobenzoates might reach their
binding site through the membrane phase has been men-
tioned (McCarty et al., 1993; Schultz et al., 1999) but it has
not, to our knowledge, been investigated in detail. An anal-
ogous scheme has instead been supported for the inhibition
of cation-selective channels by local anesthetics (e.g., Hille,
1992). The ability of amphipathic blockers such as NPPB to
follow a hydrophobic path to (and probably from) the block-
ing site may well explain some of the characteristics of the
block of other anion channels by these compounds. It is
FIGURE 8 A working model of the VacA channel and of the processesr.e'eva‘nt in this Cont?Xt that. ClC-family pores are also be-
involved in block. An imaginary depiction of a cross-section of a VacA lieved to have an oligomeric structure (e.g., Lorenz et al.,
hexamer, illustrating the pathways for block by DIDSpper pangland ~ 1996), which may facilitate entry of the inhibitor into the
NPPB. Inside the channel, the blockers are positioned at the approximai€hannel lumen.
location of the blocking sites. The rate constants for the various binding

equilibria are indicated. The length of the correspondirrgwsis arbitrary
and is not meant to reflect the relative magnitudes of the constants.
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