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Abstract. Replacement of an amino acid residue at po-intensively studied during the last 20 years (Six & Harsh-
sition 130 -Gly by Cys- in the primary structure of Staph- man, 1973; Watanabe & Kato, 1978; Kato & Watanabe,
ylococcus aureus alpha-toxin decreases the singlet980; Fussle et al., 1981; Gray & Kehoe, 1984; Ikigai &
channel conductance induced by the toxin in planar lipidNakae, 1985; Tobkes, Wallace & Bayley, 1985; Blom-
bilayers. Concomitantly, the pH value at which the gvist & Thelestam, 1986; Blomqvist et al., 1987; Krasil-
channel becomes unable to discriminate betweéra@  nikov et al., 1988; Forti & Menestrina, 1989; Krasilnikov
K* ions is also decreased. By contrast, the pH depeng. Sabirov, 1989: Bhakdi & Tranum-Jensen, 1991:
dence of the efficiency of the mutant toxin to form ion Krasilnikov, Sabirov, Ternovsky, 1991; Ward & Leo-
channels in lipid bilayers was unchanged (maximum efnard, 1992; Olofsson et al., 1992; Hebert et al., 1992;
ficiency at pH 5.5-6.0). The asymmetry and nonlinear-menestrina et al., 1992; Walker & Bayley, 1994; Jonas et
ity of the current-voltage characteristics of the channel) 1994). However, we are far from understanding the
were increased by the point mutation but the diameter ofole of individual amino acids on the structure and func-
the water pore induced by the mutant toxin, evaluated intion of the ion channel formed by the toxin. To address
lipid bilayers and in erythrocyte membranes, was foundjs issue two independent groups started to express mu:
to be indistinguishable from that formed by wild-type tant toxins (Palmer et al., 1983,c; Walker et al., 1992;
toxin and equal to 2.4-2.6 nm. Walker, Krishnasastry & Bayley, 1993; Walker & Bayley;

Alterations at the frans mouth” were found to be  1994). However, the properties of ion channels induced
responsible for all observed changes of the channel progyy these mutant toxins in membranes have not been in-
erties. This mouth is s.|tuated. c_Iose to the surface of thgestigated. Mutants were assayed in the erythrocyte test
second leaflet of a bilayer lipid membrane. The datasystem and based on these observations the authors cor
obtained allows us to propose that the region aroungjuded that a small N-terminal peptide is important for
residue 130 in fact determines the main features of thene hemolytic activity of the toxin. These studies also
ST-channel and takes part in the formation of ks |ed to the assumption that the central glycine-rich loop
entrance of the channel. (the so-called “hinge” region) of the toxin is of little
significance for oligomerization in the membrane but
that it can be responsible for the “correct structure of the
conductive channel” formed by the toxin.

Nevertheless, at least two interesting problems re-
Introduction main unanswered. What is the role of the glycine-rich

) loop in the channel structure or, in other words, what
The structure of Staphylococcus aureus alpha toxin (ST)happens to the properties of the channel if the loop re-

and the properties of the ion channel formed by it wereyigon s altered? Where in the tridimensional channel
structure is this glycine-rich part of the toxin molecule

I located? To address these questions we chose to stud

Correspondence tdD.V. Krasilnikov the mutant toxin, Gly-130-Cys, where a glycine in the
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central region of the toxin (at position 130) was substi- 1 2 3 4 5 6
tuted by a cysteine (M-ST).

It was found that the Gly{1 Cys substitution at
position 130 of thex-toxin of S. aureus change a number

of the properties of the channel. The single-channel con - F e
ductance and the pH value where the channel is unable 1
discriminate between Cland K" ions was decreased. e e

On the other hand, the asymmetry and nonlinearity of the

current-voltage relationship of the channels (CVR) was oy
increased by the substitution. However, the apparen ..- - _—
size of the ion channel water lumen and the channel
forming ability of the toxin were basically not altered.
Use of a direct method to establish the localization of
Cys130 in the channel structure with specific SH-
reagents was not successful. However, using asymmetr
cal planar bilayer lipid membranes (PLM) and distinctly
oriented salt gradients and pH shifts allowed us to obtairFig. 1. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis of
convincing evidence that all observed alterations of thewild and M-ST. Lanes 2 and 4; wild-type ST, fif and 3ug of protein
channel properties are mainly determined by changes ilas loaded in each lane respectively; lanes 3 and 5; M-STgldnd

the trans entrance of the channel (we define ttie side 3.5 ng was loaded in each lane respectively. The samples were not

. . boiled in presence of SDS in order to observe all (covalent and non-
as the side where the toxin is added). The data StronglXovalent) aggregates. When samples were boiled (5 min 95°C) in the

suggest that thérans entrance is situated close to the presence of SDS the amount of aggregated forms was decreased an
surface of the second leaflet of the lipid membrane angractically all the protein was visualized as a single band at 34 kDa-
that the region around residue 130 takes part in the forzone ¢lata not showh Preliminary heating of M-ST-sample at 50°C
mation of thetrans entrance of the ST-channel. for 20 min lead to aggregate formation (dimer, tetramer and larger).
Some of the aggregates could be dissociated by boiling (5 min 95°C) in
the presence of SDS and all of them were dissociated when the boiling
was done in the presence of SDS and dithiotreit@-onercaptoethanol
(data not showh Marker proteins were purchased from Sigma (lanes
1 and 6):B-galactosidase—116 kDa; phosphorylase b—97.4 kDa; bo-
vine serum albumin—66 kDa; egg ovalbumin—45 kDa; bovine car-
bonic anhydrase—29 kDa; soybean trypsin inhibitor—20.1 kDa; lyso-

zyme—14.3 kDa.
Pure phosphatidylcholine was prepared according to Bergelson et al.

(1981) or purchased from Sigma (Type V-E). Azolectin (Type II,
Sigma) was purified by acetone extraction (Kagawa & Racker, 1971).onstrates that the trypsinized toxin does not contain visible amounts of
Cholesterol, N-methylmaleimide (NMM), 5/&lithio-bis-(2-nitro- the whole molecule. Most of the trypsin-treated material ran as 14-18
benzoic acid) (DTNB), iodacetamide (IAA), phenylmethylsulfonyl kDa band. This set of proteolytic products practically loses all hemo-
fluoride (PMFS) and dithiothreitol (DTT) were purchased from Sigma lytic activity. That is due, obviously, to the removal of the small NH
and used as received. terminal peptide through cleavage after Lys-8 (Walker et al., 1993).
The wild-type (ST) and mutated alpha-toxin (Gly-130-Cys), des- Strikingly the proteolytic products still demonstrate a strong channel-
ignated M-ST, were donated by Prof. S. Bhakdi and Dr. M. Palmerforming activity in planar lipid bilayer membrane experiments (about
(Institute of Medical Microbiology, University of Mainz, Germany). 10% of that observed for the whole toxin). The proteolytic products
Homogeneity of the toxins used was confirmed by sodium dodecyl-(after weak trypsin digestion) were separated by preparative isoelectric
sulphate-polyacrilamide gel electrophoresis (SDS-PAGE). Figure Ifocusing. A minor protein band (corresponding to about 5% of the total
shows that most of the toxin is in a monomeric form. A small per- peptides in the mixture) with isoelectric poihB.2 was taken and as
centage of oligomers and negligible amounts of fragments are alsgshown by Ternovsky et al. (1991) in SDS-PAGE, it ran as a single
recognizable. To ascertain the correct properties of the M-ST sampl@eptide band with molecular mass close to 16 kDa. In principle, based
used by us some of its known features: formation of dimers in theon data of Palmer et al. (198Bone can tell that this peptide may be
solution after heating to 50°C and its dissociation by DTT were exam-really a nicked version of the whole toxin.
ined and found to be analogous to those described by Palmer and  Proteinase K treated ST (K-ST) was obtained with the method
coauthors (Palmer et al., 1993for this mutant toxin. described by Palmer and coauthors (Palmer et al., §993-ST re-
Most of the data on the properties of ion channels induced by thetained about half of the hemolytic activity of the whole toxin and
“N-terminal fragment” of wild ST (F-ST) was taken from Krasilnikov  basically the same level of channel-forming activity of wild Sih{
et al. (1991) and Ternovsky et al. (1991). In short, the methods ofpublished data
trypsin treatment and F-ST purification were as follows: Wild-type ST Ethylene glycol, glycerin and glucose were bought from Merck;
was solubilized in 10 m Tris, pH 7.2 at a concentration of approxi- sucrose was purchased from Reagen. We used poly(ethylene glycol)
mately 2 mg/ml. Then trypsin (Boehring, Germany) was added (40(PEG) with an average molecular mass (Da): 200, 300 and 400
wg/ml) and the mixture was kept ifad h at 37°C. Proteolysis was (Sigma); 600 (Riedel de Hag 1000, 1500, 2000, 3000, 4000, 6000
stopped by addition of 1 sn PMFS or directly submitting the sample (Loba Chemie). All nonelectrolyte polymers were additionally puri-
to preparative isoelectric focusing. SDS-PAGE electrophoresis demfied by anion-exchange chromatography by using the strong alkaline

Materials and Methods

CHEMICALS
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anion exchangers Ill or IV (Merck). This treatment removed anion- plus” experiment). The reversal of the voltage protocol (“plis
group contained contaminations that decrease PLM stability (life time)minus” experiments) gave the same type of CVR. To decrease current
and increase probability of the ion channel transitions from open tonoise the stirring was sometimes stopped when we measured the CVRs.
closed states. Hydrodynamic radii of nonelectrolytes were taken fromrlhe relationship between the current going through the channels in-
Krasilnikov et al. (1991, 1992) and Sabirov et al. (1993). Other chemi-corporated in BLM at —~100 mV and its value at +100 miV,¢dl.100
cals were analytical grade and used without additional purification. Wwas taken as a quantitative measure of CVC asymmédrytiie sign
Water double distilled in glass was used in the preparation of allreferred to the side of the protein addition). To evaluate nonlinearity
buffer solutions. For bilayer experiments, two basic solutions were(L) we used a relation between values of the membrane conductance a
used. The first contained 0 KCI, 0.005M. Tris-OH, and the pH 100 mV and +20 mV G,4¢/Gy)-
was adjusted to the appropriate value by citric acid—(buffer 1). Some- ~ N-methylmaleimide (NMM), 5,5dithio-bis-(2-nitrobenzoic
times this buffer contained DTT at a final concentration of 1-1@.m acid) (DTNB) and iodacetamide (IAA) were applied to bilayers doped
The second buffer contained 04IKCl, 0.005m KH,PO,. The pH was with M-ST at fi'nal concentrations qf 1.0 mg/ml, 0.06 mg/ml and 1.0
adjusted by 1.0 KOH (buffer 2). For erythrocyte experiments, the mg/ml, respectlvely. In these gxperlments, standarq buffer 2 was useq.
basic solution contained 0.1% NaCl, 0.005m Tris-OH, and the pH Stock solutions of the_ c_hemlcals were prepared just befqre experi-
was adjusted by 1.8 HCI to pH 7.5 (buffer 3). ments.: N-methylrrjale.lmlde '(NMM)—.100 .mg per ml of dimethyl-
Planar lipid bilayer membranes (PLM) were formed at room tem- Stlfoxide; 5,3-dithio-bis-(2-nitrobenzoic acid) (DTNB)—50 mg per
perature (25 + 2°C) by the technique of Montal & Mueller (1972). ml water, and the pH was adjusted by KOH to 7.0; iodacetamide
When noted, bilayer was formed by Mueller method ((BLM) Mueller (IAA)—lQO mg per ml of Water._ The pH value in the‘compartments of
et al., 1963) and give the same results. A 1-2% lipid solution-in the experimental cell was verified after each experiment.
decane was used to form bilayers by the Mueller method. A binocular
microscope was used to control the BLM formation. When we used the
Montal & Mueller technique, monolayers from a 10 mg/ml solution of CHANNEL-SIZING EXPERIMENTS
the lipids inn-hexane were spread on the surface of two buffered salt
solutions (4 ml) separated by a 5n thick Teflon partition ina Teflon ~ The maximal size of the channel incorporated in planar lipid bilayer
experimental cell. After evaporation of the solvent, the membrane wagneémbranes was tested by the recently described method of Krasilnikov
formed by raising the mono|ayers above the level of the Hﬁml(mm et al. (1992) In Short, nonelectrolyte molecules with different hydro-
in diameter) which had been pretreated with a 2% solution of Vaselinedynamic size were used as molecular probes. Usually the single-
in n-hexane. During the bilayer formation, the peak current in responséhannel conductance was examined in the presence of 20% of one of
to a square wave (amplitude, +5-10 mV; frequencyp0 Hz) was the nonelectrolytes in buffer 1 (pH 7.5). Mean values of the single-
monitored continuously. channel conductances and the solution conductivities were used to
Experiments were done under voltage-clamp conditions. Theestablish a permeability paramet¥f, which was calculated as:
current that was going through the bilayers was measured with Ag/
AgCl electrodes connected through salt bridges (3% agar witkg!) V = (G, = G)IGy: (Ho = H)/H,
in series with a voltage source and a current amplifier (K284UD1A).
Thetranscompartment of the experimental chamber was connected tdVhereH, and G, are the electrical conductivity of 0xd KCI and the
the virtual ground. Voltage pulses were applied todilsompartment  channel conductance in this same solution, respectivlsgnd G are
of the chamber. The amplifier signal was monitored with a storagethe electrical conductivity of 0.1 KCI solution containing 20% non-
oscilloscope and recorded on a strip chart or tape recorder. electrolyte and the channel conductance in this same solution, respec-
After the membrane was completely formed and stabilized, a fewtively.
wl of the stock solution containing a channel-forming protein (1 mg/ml) The maximal radius of the water pore of the channels was taken
was added to one compartment of the experimental cell with concenequal to the minimal hydrodynamic radius of an impermeable nonelec-
trations ranging from 0.2.g/ml to 4 ng/ml (for multichannels experi-  trolyte molecule, i.e., a molecule which does not decrease an ion chan-
ments). The solutions in both compartments were magnetically stirrednel conductance at all. In practice it was determined from the depen-
When conductance of the bilayers reached approximately 10 nS, thdence of parameter on the hydrodynamic radius of nonelectrolytes.
toxin-containing solution was replaced by a fresh buffer. The increasdt was determined as the point of transition from the linear falling part
in bilayer conductance stopped within a few minutes. These bilayerdo the lower horizontal branch of the permeability parameter depen-
were then used for measuring instantaneous current voltage charactedence on the hydrodynamic radius of nonelectrolytes.
istics, selectivity and the effects of SH-specific reagents. The osmotic balance method was used by us to measure the radius
The conductance of the bilayer membran&3 ih symmetrical of water pores induced by ST and M-ST in erythrocyte membranes.
solutions was defined & = 1/V, wherel is the transmembrane current The nonelectrolytes were previously added into standard buffer-3 with
flowing through the channels andcorresponds to the fixed potential. a final concentration (m): ethylene glycol (80), glycerol (80), glucose
Basal conductance of PLM was less than 4 pS for PC bilayers and80), sucrose (80), poly (ethylene glycol) (PEG) 400 (80), PEG 600
approximately 5 pS for azolectin bilayers. (72), PEG 1000 (65), PEG 1500 (55), PEG 2000 (46), PEG 3000 (40),
The selectivity of the ion channels was measured in the presenc®EG 4000 (31), PEG 6000 (24). The increase in solution osmolarity
of a threefold KCI concentration gradient (3000 mv KCI or 100 after the addition of each nonelectrolyte was identical and equal to 80
mm/300 mv KCI, cisltrans). Zero current potential was defined as the milliOsmoles per liter as measured by freezing point depression with an
potential ) that must be applied to the experimental cell to reach aOMKA 1C-05 osmometer. This osmolarity value was about two times
virtual zero transmembrane current equal to that of a symmetrical sysgreater than that found for hemoglobin in erythrocytes (Adair, 1929;
tem with zero mV applied potential. and ourunpublished data
To record the instant current-voltage relationship (CVR), the Rabbit erythrocytes were prepared from fresh blood that was
transmembrane potential was initially increased stepwise from zero tetabilized by EDTA. After being washed three to four times by stan-
minus 140-150 mV and then gradually increased to 140-150 mV (durdard buffer-3, the erythrocyte concentration was adjusted to 4% (v/v).
ing a voltage ramp with duration of 200-250 msec). Finally, the trans-A volume of solution containing ST (or M-ST) was diluted with the
membrane potential was returned stepwise to zero mV (“midus  desired nonelectrolyte solution and placed into plastic tubes that were
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vigorously mixed with an equal volume of 4% suspension of rabbit 1. 2z
erythrocytes (in standard buffer 3). The final concentration of eryth-
rocytes was 2%. The final increment of solution osmolarity created by
the nonelectrolytes was practically equal to that generated by intracel-
lular hemoglobin. We hoped that by using a fixed 40 mOsm/liter- 55" Ty
increment (with varying nonelectrolyte concentrations) we would get a 0.2 1
better data set than those previously published that were obtained at
constant concentrations of nonelectrolytes (Fussle et al., 1981; Bhakdi
Muhly & Fussle, 1984; Katsu et al., 1988; Thelestam & Blomqvist, . 0.15
1988; Krasilnikov et al., 1988; Sabirov, Zakhidova & Krasilnikov,
1991).

The extent of lysis was estimated in appropriate time intervals by 2
two methods. The first was based on determining the optical densityy 0.05 1
(OD) of the supernatant (after centrifugation of an aliquot of the eryth- '
rocyte suspension) at 540 nm. In the second method, the extent of lysis
was quantified by direct measurement of the cell suspension’s OD (at 0+
710 nm). At this wavelength the lysis caused a decrease of the OD 0 20 40 60 80 100 120 140 160
value. To quantify the extent of hemolysis, an aliquot (100+15®f Conductance, pS
cell suspension was added to 4 ml of standard buffer-3 containing the
appropriate type of nonelectrolyte (40 mOsm), then it was vigorouslyFig. 2. The amplitude histogram of conductance fluctuations induced
mixed and the absorbance was determined at 710 nm. This methody M-ST (1) and by wild toxin (2) at voltage-clamped (=50 mV)
eliminates a centrifugation step in the process. The linearity of thephosphatidylcholine-cholesterol (1:1, by mass) membranes formed by
hemolysis scale was verified by determining the differences betweerthe Mueller-method in 0. KCI, 0.005m Tris-citrate, pH 7.5. The
the optical density of serially diluted suspensions of intact cells andprobability, P, of observing steps in channel conductance like those in
after these cells were lysed by triton X-100. Within the time range the current traces is represented. Bin width 8 pS. More than 800 and
where it was possible to apply both methods the results obtained wer200 events were observed (5-7 channels for membrane) for M-ST and
essentially the same. The percentage of hemolysis calculated witlfor wild toxin respectively. The record was stopped if any of the open
erythrocytes lysed by distilled water or by 1% Triton X-100 was taken channels temporarily closed. Proteins were added in dise
as 100%. The experiments were done at 37 £ 1°C. The apparent radiu®mpartment. The original single-channel recordings are inserted. The
of toxin-induced water pores in erythrocyte membranes was deterdashed line indicates a zero current, while arrows indicate additions of
mined to be equal to the minimal hydrodynamic radius of nonelectro-the toxin (1-2 m). Conductance and time scales are given in the figure.
lyte molecules which completely protected red blood cells against thdn separate experiments dithiothreitol (DTT) was added to the bathing
toxin action. The Renkin plot (Renkin, 1954; Ginsburg & Stein, 1987) solution (1-10 mn final concentrations) before the addition of M-ST
was also used to evaluate the apparent size of the toxin induced poreand it did not change conductance or other properties of the M-ST

Protein concentrationwas determined with a Bradford reagent channels.
(Bio-Rad) using bovine serum albumin as the standard. Sodium do-
decyl-sulfate polyacrylamide gel electrophoresis was performed ac-

cording to Laemmli (1970). , _ 130. However, the first records with the M-ST induced
_The conductivitf each buffer solution was measured with con- o3 nnels jn PLM already demonstrated considerable dif-
ductivity meter HI 9033 (Hanna Instrument). . .
ference in the conductances of the channels induced ST
and M-ST. This finding was a first indication of changes
in the channel structure induced by the substitution. This
precluded the studies on the localization of the Cys in the
channel structure and force us to, initially, make a com-

Ward et al. (1994) using Fster dipole-dipole energy- piete characterization of the properties of the M-ST-
transfer measurements demonstrated that when M-S rmed ion channel.

was reconstructed in liposomes Cys130 was situated

close to the inner leaflet of the liposome membrane. We

expected to find similarities between channels formed byM-ST Forms IoN CHANNELS IN LIPID BILAYERS

wild-type and mutated ST based on observations that the

mutant is able to form heptamerical aggregates on the\s expected, it was found that the addition of M-ST to

surface of erythrocytes as well as to lyse these cells in ghe voltage-clamped lipid bilayer led to a stepwise in-

way similar to the wild-type toxin (Palmer et al., crease in the membrane conductance (Fig. 2). This in-

1993,b). dicates the formation of ion channels in the membrane.
In planar lipid bilayer experiments one would expect The mean channel conductance was around 20 pS anc

to establish, rather easily, the localization of the Cys-rare events exceeded 50 pS. This single-channel conduc

containing loop of the toxin in the tridimensional channeltance is much smaller than that recorded for the wild

structure in bilayers doped with the M-ST, direct appli- toxin (80-120 pS, Fig. 2see alsoKrasilnikov, Ter-

cation of SH-specific reagents to either side of the ex-novsky & Tashmukhamedov, 1981; Krasilnikov et al.,

perimental chamber should promote changes of the chart988; Menestrina, 1986). The presence of 1 BTT

nel features, suggesting the localization of Cysdid not change the distribution of single-channel conduc-

0.1 1

obability, P°

Results and Discussion
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tances. The presence of InDTT did not change the > 15
distribution of single-channel conductances. This sug-g
gests that under our experimental conditions disulfideg
bridges are not formed, and M-ST molecules in solutiong 51
are therefore monomeric. The relatively low conduc-
tance of the mutated oligomeric pore (channel) in PLM
reflects a real difference between the structures of wild-
type and mutated channels.

In general, the difference in conductances betweerp
the ion channels induced by M-ST and by wild ST may § . . . . . i i .
be determined by at least two causes: (i) by difference of 3 4 5 6 7 8 9 10
charges distributed near the ion channels’ mouth and/or pH
(i) by difference in the water pore size. To examine the
contribution of the first of these possibilities we deter- E
mined cation/anion selectivity and current-voltage rela—i; 10
tionship (CVR) of the channels. The water pore size ofg 5 '\ /A/A
the ion channel was tested in PLM- as well as in rabbitg 01 /

t pote

curren
-
o

)
=4

erythrocyte experiments.

THE CATION-ANION SELECTIVITY OF M-ST
MobiFiep PLM

Zero current p
N
(3]

It is well known that cation/anion selectivity and current- pH

voltage relationship (CVR) of the channels are depen-

dent upon pH. Hence to make a fair decision aboufig- 3. Effects of pH on the zero current poter_ltial of doped bilayers

charge distribution around the ion channels’ mouth it jsformed from phosphatidyicholingj and azolectin®). (A) PLM was

lvze the pH-dependencies of its catio fgrmed from phosphatldylchollne—chglesterol m|xture_(3.1, by mass).

ne.cessary t(.) ‘.”may P P rEB) PLM was formed from azolectin-cholesterol mixture (3:1; by

anion selectivity as well as the CVR. mass). The Montal & Mueller technique and the Mueller method were
The selectivity of the two types of ion channels was used with the same results. The toxin was added teig@ompartment

evaluated measuring the zero current potential in thef the experimental chamber at a final concentration of 0.5p3/H!.

presence of a threefold KCI concentration gradient (3008—300 mw/100 mu (cisftrans) KCI system, M-ST;A—100 mwv/300

mm/100 mv KClI, cis/trans). It was established (FigAj mm (cig/trans) KCI system, M-ST;® and ] - 300 nm/100 mm (cig/

: - transg) KCI systems for PLM modified by wild toxin and by F-ST,
< -
that at pH <5.7 the ion channels formed by M-ST in respectively (data taken from Krasilnikov et al., 1988, 1991; and Ter-

phOSph_atldyICh0|me (PC)_ b|Ia_yers were more permefibl‘?mvsky et al., 1991). The signs of the values of zero current potentials
to chloride than to potassium ions. At ptb.7 the chan-  gptained for 300 m/100 v (cisitrang KCI system are inverted to
nels were not able to discriminate between Cl and K ionsSallow a better comparison of the curves. All KCI solutions were buff-
This pH (5.7) is much lower than the equivalent pH for ered by 5 nw citrate-Tris. Each value presented is the mean of 3-7
lack of Se'ectivity in b”ayers Containing channels formed separate experiments. Other experimental conditions are given in Ma-
by the wild toxin (pH= 10; Fig. 3; see also Krasilnikoy ~terials and Methods and in the text.

et al., 1991).

As it was shown recently (Krasilnikov et al.,, 1989; clude thatthe distribution of titratable charges around

Loe1) the calloanion selechly tgewelerlec e fon channel mouths s ks the Giy[) Cys
P P substitution at position 130 of the toxin. Moreover, we

described by the sum of electrical potentials at bothcan assume thaonogenic(titratable) groups which are

. . . ble to generate negative potentials play a larger role in
\r/illﬁ';;nz?'t%e(C\éthn;?alsgf‘repaléhdgﬁfrgﬂigtO?rlhtgir?;l;zﬁetermining the selectivity of M-ST channels than in wild
P ype ST channels.

At each entrance, the effective potential is a superposi-
tion of electrical potentials generated by all ionogenic
(titratable) groups that are in the proximity of the channelTHe CURRENT-VOLTAGE RELATIONSHIPS (CVR) OF
entrances. The contribution of the each group is depenMemBRANES MoDIFIED BY M-ST

dent on the distance between this group and the central

region of the channel entrance. Taking the above arguTo check the depth and localization of structural changes
ment into account and the measured values of cationin M-ST channels we investigated its CVR in PC-
anion selectivity of M-ST and ST channels we can con-membranes comparing it to CVR obtained from these
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B e e e e S
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}

450 100 50 O 50 100 150

Current, arbitrary units
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o

10 pH

Values of asymmetry & nonlinearity

Transmembrane potential, mV

Fig. 4. Current-voltage relationships of bilayers modified by M ST. Fig. 5. The pH-dependencies of asymmetry and nonlinearity of CVR
PLM was formed from a phosphatidylcholine-cholesterol mixture (3:1; i, bilayers modified by M-ST, wild ST and F-ST. Symbo(s; @ and

by mass). The Montal & Mueller technique was used. If not mentioned, A__nonlinearity at positive and negative potentials; and asymmetry for
buffer 1 with indicated pHs was used. In separate experiments thes| M modified by M-ST, respectively. Symbol& andB—asymmetry
concentration of KCl was increased to 310M-ST (0.01-2.3ug/ml;  fo; gL M modified by F-ST (data taken from Krasilnikov et al., 1991;
depend on pH value) was added to tieside of PLM. After the PLM a4 Ternovsky et al., 1991) and wild ST, respectively. Each presented
conductance reached a quasi steady-state value, the CVR was Megsjye is the result of 4-10 separate experiments. Buffer 1 was used.
sured. A voltage pulse was applied to tigcompartment. Protocol of  other experimental conditions are the same as in the legend to figure 4

voltage change is described in Materials and Methods. Results of sepay,q in the text. Analogous results were observed with azolectin PLM
rate experiments are presented. Symbols at 1QK@I: O—pH 9.0; (data not showp

A—pH 8.0; O—pH 7.0; ©—pH 6.0; ®—pH 5.0; A—pH 4.0; and +

-3.0 M KCI, pH 8.0. Insert: Current-voltage relationships of PC-

bilayers modified by wild (ST (1), F-ST (2.; data taken from Krasil-

nikov et al., 1991; and Ternovsky et al., 1991) and M-ST (3.); 4—CVR changed considerably by the Gly Cys substitution at

of asymmetrical PLM (PC/AZcis/trans) modified by wild ST. Inall  position 130. We wondered if the diameter of the ion
cases, 100 m KCI solution with pH'7.5 was used. Current scale is in channel water pore was also changed.
arbitrary units. CVRs were normalized at 20 mV. To measure the size of M-ST-induced ion channel in
PLM we have used the method described in detail earlier

same membranes modified by wild toxin. We found that(Krasilnikov et al., 1992). It was developed for water-
the CVR of the M-ST channels was drastically differentfilled pores and has been successfully applied to deter-
from that of wild ST channels. CVR of the M-ST chan- mine the sizes of different ion channels including the
nels exhibits sharp nonlinearity.) and asymmetryX) channels induced by wild-type ST (Krasilnikov et al.,
(Fig. 4) The increase in electrolyte concentration in the1988, 1991). To examine the radius of water pores in-
bathing solution transformed the CVR to the more sym-duced by M-ST in PLM, we investigated the changes of
metrical and linear shape (+ curve in Fig. 4). Conse-both the solution conductivity and the mean channel con-
quently, the energetic barrier(s) for passing ions (thaductance resulting from the addition of different nonelec-
exists in M-ST-formed ion channel water lumen and pro-trolytes to the aqueous solution bathing the bilayer. For
vides the shape of CVR) is mainly determined by theanalysis of the changes of these values and the determi-
charges. nation of the pore size of the ion channels we had to use

The amplitude of changes in parametdrandL of  a permeability parameten, which was calculated as
M-ST channels with pH is strongly different from the described in Material and Methods.
analogous changes in the parameters of the ion channel Determining the permeability parameter for each
induced by wild ST. Sé\ was relatively small at pH 4.0 nonelectrolyte we found that the parameter depends on
(2.4 = 0.14), increasing with pH to a maximum of 4.9 * the effective hydrodynamic radius of nonelectrolyte mol-
0.5 at pH 7.0, and then slightly decreasing with furtherecules (Fig. 6). The numerical values of the parameter
increases in pH (Fig. 5). The comparison of these resultgvere close to one for nonelectrolytes with small hydro-
with data obtained with bilayers modified by wild toxin dynamic radii. Therefore, the channels are well perme-
(Fig. 5;0.9 £ 0.1 and 1.5 £ 0.2, at pH 4.0 and pH 7.0, able to the molecules of these nonelectrolytes. The value
respectively; Krasilnikov & Sabirov, 1989) points out of parametew decreased from one to zero when the size
thationogenic(titratable) groups are much more asym- of nonelectrolyte molecules increased. This implies that
metrically distributed between the two entrances of thethe concentration of the nonelectrolyte molecules in the
channel formed by the mutant toxin than by the wild typelumen of the ion channels was smaller than in the bulk
one. solution. Finally, the values of parameterfor imper-

In the experiments described above we showed thatheant large nonelectrolytes (PEG 2000, 4000 and 6000)
the properties of the ST-induced ion channel werereached the lowest steady-state value. In this case, pa
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Fig. 6. Dependence of the parameteron hydrodynamic radius of Fig. 7. Influence of nonelectrolytes on hemolytic activity of M-ST.
nonelectrolyte. Symbols®@—M-ST channels;[1—F-ST channels = Temperature= 37 = 1°C. Buffer 3, pH 7.5. The results of a typical
(taken from Krasilnikov et al., 1991)A—wild ST channels (taken experiment are represented. Symbals:-control (buffer 3);C0—glu-
from Krasilnikov et al., 1988). The permeability parametesf each ~ cose; ¢ —sucrose;A—PEG 300; B—PEG-600; A—PEG 1000;
nonelectrolyte was calculated as described in the text. Buffer 1 (with® —PEG 1450; *—PEG 2000, PEG 3000 and PEG 4000. Others ex-
pH 7.5) and buffer 1 containing 20% of the appropriate nonelectrolyteperimental conditions are described in Material and Methods and in the
were used. The hydrodynamic radii of nonelectrolytes, which werelegend of Fig. 6. Insert. Renkin plot reporting the relative diffusion rate
taken from Krasilnikov et al. (1991, 1992) were the following: 0.26 + of the osmoprotectant molecule (as compared to glucesé)s size.
0.02 nm ethylene glycol, 0.31 = 0.02 nm glycerin, 0.37 * 0.02 nm Relative permeability is presented in Log-scale. Hydrodynamic radius
glucose, 0.6 + 0.03 nm poly(ethylene glycol) (PEG) 300, 0.7 = 0.03 nmis presented in nm. Symbol&—ST-pore;O—M-ST pore. Solid lines
PEG 400, 0.94 + 0.04 nm PEG 1000, 1.05 + 0.04 nm PEG 1500, 1.2are a best fit according to the Renkin equation (Renkin, 1954; Ginsburg
+ 0.04 nm PEG 2000, 1.92 + 0.03 nm PEG 4000, and 2.5 + 0.03 nm& Stein, 1987), yielding functional radii of the induced pores of 1.66 +
PEG 6000. More than 200 ion channels were registered (5-7 channe®03 nm and 1.52 + 0.03 nm for M-ST and ST induced pores, respec-
per membrane) for each experimental condition. Arrow indicates maxi-ively.
mal values of the radius of induced water pores established by the
method. All other experimental conditions are as described in the leg-
end to Fig. 2 and in the text and in Materials and Methods. protected rabbit erythrocytes from lytic action of M-ST.
This result indicated that the hydrodynamic diameter of
rameterv had a slightly negative value because the mearmemoglobin molecules is larger than the size of the toxin-
ion channel conductances) in the presence of these induced pores. The effect of PEG 3000 was not due to
nonelectrolytes in the buffer solution was larger than theinterference between the nonelectrolyte and toxin mol-
conductance without any nonelectrolyt& J. At the  ecules binding to erythrocyte membranes since a simple
same time the conductivity of any nonelectrolyte con-dilution of the whole suspension by fresh buffer (buffer
taining solution remained smaller than the conductivity3) led to fast irreversible hemolysis. The data indicate
of nonelectrolyte free solution. that M-ST induced hemolysis occurs by an osmotic
Using this method we assumed that the maximalmechanism similar to the mechanism of action of the
radius of water pores of M-ST-induced ion channels iswild toxin.
determined by the intersection of the linear falling part The inhibitory effect of nonelectrolytes depended on
and the horizontal branch of the permeability parametethe hydrodynamic radius of their molecules. We found
dependence on the hydrodynamic radius of nonelectrothat macromolecules of nonelectrolytes, such as PEG
lytes (Fig. 6). The error of the pore radius estimation2000, PEG 3000 and other PEGs with a higher molecular
was based on the standard deviation of nonelectrolyteshass completely inhibited the M-ST-induced lysis of
radii and on accuracy of determination of mean ion chan+abbit erythrocytes. The result was the same if the incu-
nel conductance. In this way we established ttree  bation was prolonged to 8 hr and the toxin concentration
maximal radius of the ionic channel water pore formedwas raised to 100nn ((8.3 wg/ml) (Fig. 7). The smaller
by M-ST in planar bilayer is in the range of 1.2 to 1.3 nm nonelectrolytes, such as glucose, sucrose, PEG 300, PEC
(Fig. 6). The size of water pores formed by wild ST in600, PEG 1000 and even PEG 1500 did not avoid he-
PLM was the saméFig. 6). molysis. The minimal hydrodynamic radius of nonelec-
To examine the apparent size of M-ST formed poredrolyte molecules (PEG 2000) which completely pre-
in erythrocyte membranes the osmotic balance methoslented the M-ST-induced cell lysis was close to 1.22 nm.
was used. High hemolytic activity of M-ST (comparable Considering that the accuracy of this simple semiquan-
to that of the wild toxin) was recently demonstrated titative method does not exceed 0.1 nm we can conclude
(Palmer et al., 1998 Ward et al., 1994). We established thatthe apparent radius of water pore induced by M-ST
that large uncharged macromolecules (PEG 3000, foin the membranes of target cells is equal to 1.22 + 0.1
example) added to the extracellular medium completelynm. The same size was determined by us in parallel
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2 100, r 300 § pores. For native toxin-induced pores the radius was es-
g o A. [ 250 timated at 1.52 + 0.03 nm. It is slightly larger than the
§ 80 | o value established by the simple semiquantitative method
S 60 | r 200 = (see aboveand those published recently [Krasilnikov et
'g L 150 § al., 1988, 1991, 1992]. For M-ST-induced pores the ra-
S 40/ 100 2 dius was estimated at 1.66 + 0.03 nm (Fig. 7, inset). So
é’ e this quantitative analysis of the hemolytic curves dem-
8 20 r50 3 onstrates that M-ST creatém erythrocyte membrangs

; 0 L0 : water pores with slightly larger size than native toxin
2 " 4 5 6_7 8 9 3 does. .

7] pH 4 Taken together, the data obtained allow the conclu-
» 2 sion that the smaller single-channel conductance induced
< ° B 3 by M-ST (in comparison with that induced by wild ST)

§ 250 | ® o160 S does not result from a decrease in the channel diametel
8 200 | g (since the diameter is either constant or, perhaps, slightly
3 L 40 o increased). The smaller conductance might be deter-
& 150 S mined by the changes in the distribution of ionogenic
% 100 | L 20 g (titratable) groups around the channel entrances.

£ ® 8 From all the experiments described above we can
g 50 1 o § conclude that a single substitution in the glycine-rich
2 o i - region of ST changed most of the properties of the oligo-
2 4 5 6 7 8 9 3 meric ST channel. At the same time the knowledge
» PH & about the properties of M-ST channels gives us a possi-

bility to start studying the localization of Cys130 in the
Fig. 8. pH-dependencies of the maximum rate of bilayer conductancechannel structure. It is reasonable to assume that the
(O, @) and the conductance of single channk| &) induced by M-ST giffarences in structure of ST and M-ST molecules in
(#) and by wild ST §). In experiments measuring the rate of channel o), o are |ocalized in the glycine-rich loop, the region
formation ©) PLM was formed from phosphatidylcholine-cholesterol in th . h
mixture (3:1, by mass) by the technique of Montal & Mueller. Buffer ar_ou_nd Cys130 in the mUt"?‘ted toxin. We as_sume t _at
1 was used. The toxin was added to tieside of the PLM that was  this is also true for all subunits of the channel inserted in
clamped at —20 mV. The potential was chosen to induce negligiblethe membrane. If these assumptions are valid the deter-
potential-dependent channel closures. (These closures could be cleanpination of Cys130 localization corresponds to the struc-

observed at larger potentials, especially at acid pHs.) The final contyrally altered region responsible for the observed
centration of the toxin was kept constant and equal tou28nl. Two changes in channel properties and vice versa
to nine experiments were carried out to obtain each value of the de- )

pendence. The mean values are represented. Other conditions are the

same as in Fig. 2. The single-channel conductance experim&hnts ( M-ST-INDUCED |oN CHANNELS AND
few hundrgd smgle-chan_nel events were registered at each value of pksPECIFICSH-REAGENT

Buffer 1 with an appropriate value of pH was used. Mean values of a

single-channel conductance are represented. Final concentration of the, .
tox?n was 0.2-10 m/ml; dependent gn pH value. Other conditions are h§|nce th_e results Of_Ward et al. (1994) point out that
the same as in Fig. 2. Cys130 is probably situated close to the second leaflet of
the liposomal membrane (that corresponds totthas
mouth of the channel in our PLM-system) we decided to
experiments for wild-ST-formed poréfata not showhn probe its localization using SH-specific reagents: NMM,
This value is practically equal to that obtained in the DTNB and IAA. The influence of these reagents on zero
PLM-system ¢ee above current potential and CVR parameters of M-ST premodi-
There is another method of analysis of the lysisfied PLM was tested. The protocol of the experiments
curves which uses the values of the half-time of hemo-dincluded two steps: (i) application of the reagent on both
lysis to evaluate the pore size. The method assumes thaides of the PLM, (ii) addition of the reagent asymmetri-
the half-time value represents the time necessary for theally—on thecis or on trans side only. Unfortunately,
osmoprotectant (nonelectrolyte) to diffuse inside the cellwe were not able to detect a change in the bilayer selec-
through the toxin-induced pores. Hence, the half-timetivity even with the first protocol, even though the
value could be used to estimate the “permeability” of chemicals were applied for a long time (120-180 min).
the nonelectrolyte inside the pore. A Renkin plot (Ren-The characteristics of the CVR were modified by the
kin, 1954; Ginsburg & Stein, 1987) reporting the relative reagents, but the changes are not significant (Table 3).
permeability of the molecule versus its size (Fig. 7, in-It is known that the SH-group of Cys130 is easy acces-
set), allows quantification of the functional radius of the sible to the used reagents when M-ST is in water soluble
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form (Palmer et al., 1998. Hence, it is possible to con- always added to theis compartment of the experimental
clude that the modification of the unique SH-group is notcell. It was found (Fig. 8) that at acid pHs (pH 4.0-6.0)
followed by changes of the tested features of the channethe values of zero current potential were practically iden-
Another possibility (with a much larger probability) is tical for both types of gradient. To explain the data it is
that this group is not available to the reagents in theuseful to remember that side chains of some amino acid
structure of M-ST formed channel. (Latter assumptionresidues contain negative (Asp, pk 3.86; Glu, pK, =

was strongly supported by results (Valeva et al., 199611.25; Cys, pK = 8.33 and Tyr, K, = 10.1) and posi-
reported during the revision of the manuscript. Authorstive charge (His, pK = 6.0; Lys, 10.5 and Arg, pK=

had shown that the residues at hinge zone of the toxin ar&2.5; Lehninger, 1972) generated by ionogenic (titrat-
alternately exposed to a polar and nonpolar environmenable) groups. The side chains that are in the contact with
tal and Cys130 belongs to the latter group.) In any casevater take part in determining an equivalent charge of
the use of the reagents did not give us an opportunity tahe protein and only a few of them, those situated close
make a decision regarding the localization of Cys130 inenough to the channel entrances, determine the equiva
the ion channel structure. lent potential at the central zone of the entrances and the

Thus we were obliged to use the indirect way of channel selectivity, respectively.
determining Cys130 localization in the channel struc- It is clear that at pH range (4.0—6.0) the contribution
ture—through a localization of the changes in channebf the ionogenic (titratable) groups that generate negative
structure comparing the properties of M-ST and STcharges in the determination of the selectivity of the
channels under widely different conditions. The greatM-ST channel is smaller than the contribution of positive
possibilities of PLM-system were used to this aim. charge groups. Hence, in the M-ST channel, the latter
groups (positive charges) determine the main part of
equivalent potential at both entrances of the channel.
Since at pH 4.0-6.0 the values of zero current potential
were practically identical for both types of gradient the
contribution of this type of group in the determination of
equivalent potential at tha@s entrance of the M-ST chan-
nel is approximately equal to that at ttrans entrance.

At pH values greater than 6.0 one can observe that
the channels demonstrate larger cation selectivity with
the first type of gradient (300 m100 mv KCI, cig/
trang) than with the second type. Consequently, the
equivalent potential of the M-ST channel is more nega-
To measure the cation/anion selectivity of a channel ongive with the first type of gradient than with the second
usually uses different concentrations of electrolyteis¢  one. From these observations one can concludethieat
and atrans-sides of PLM. Investigators usually assume contribution of negatively charged groups in the equiva-
that the value of cation-anion selectivity is independentient potential is larger on théransentrance of the M-ST
of the direction of the salt-gradient used. However, thischannel.
dependence actually exists and can help us to clarify
some features of the compared channels. One needs to
be reminded that in the presence of different concentraSELECTIVITY OF M-ST CHANNELS INCORPORATED IN
tions of an electrolyte in two compartment of the experi- PLM wWiTH NEGATIVE CHARGES ON THE MEMBRANE
mental cell, the Debye lengths at these two sides ar€URFACES ARE THE TWO ENTRANCES OF THEM-ST
different too. This means that the contribution of iono- CHANNEL EQUALLY DISTANT FROM THE
genic (titratable) groups situated at tois and at the BILAYER SURFACES?
trans entrances of a channel in determining the channel
selectivity has to depend on the direction of the electrodt is necessary to note that the selectivity of M-ST chan-
lyte gradient through the membrane. This gives us thenels (like that of wild-ST-channels) is sensitive to sur-
possibility of examining the charge distribution betweenface potential of the bilayer. This gives us two possibili-
ion channel mouths and the localization of a channel inties to check the localization of the M-ST channel in the
the membrane plane. To accomplish this proposition, wanembrane plane. The first is based on the comparative
did a comparative analysis of the pH-dependencies of thanalysis of the pH-dependencies of the selectivities of
selectivity of M-ST-induced ion channel incorporated in azolectin PLM (Az-PLM) at two types of KCI gradient.
uncharged PC-BLM. Two different directions of KCI Azolectin is a lipid mixture containing lipids with nega-

THE STUDY OF LOCALIZATION OF THE CHANGES(THAT
PROVIDED THE ESTABLISHED DIFFERENCES BETWEESST
AND M-ST CHANNELS) IN THE CHANNEL STRUCTURE

The M-ST-induced Channel in Uncharged PLM.
Clearing Up the Contribution of Positive and Negative
Charges Generated by lonogenic (Titratable) Groups
in Determining Cation-Anion Selectivity of the

M-ST Channel

gradients through the membrane (308/400 mv KCl,
cigtrans,and 100 rm/300 nm KClI, cigtrans—first and

tive charge at their polar heads. For our experiments the
type of lipid used was not important but the presence of

second types of the gradient) were used. The toxin wasegative charges at the surface was the important vari-
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Table 1. Influence of the planar lipid bilayer composition on the zero current potential of M-ST induced

ion channels
Lipid composition €is/trang PC/PC Az/Az Pcl/Az Az/PC
Zero current potential (mV) -5.59+1.58 -14.05+0.51 -12.82+1.32 -6.43+0.60

The bilayers were formed by the union of two monolayers whose lipid composition is described in the
table. Zero current potential was measured in the presence of a threefold transmembrane gradient of KCI
(0.3 M/0.1 m; cis/trang. Both solutions contained 5 vncitric acid and pH was adjusted to 6.5 by
Tris-OH. 5—7 experiments were carried out to obtain each value represented. The toxin was added in the
cis compartment of the experimental chamber. Other conditions of the experiment are the same as
described in the text.

able. The protocol used was the same as above in theurrent potential was close to that for a pure RG/(
case of the uncharged PC—PLM. It was found (Fig) 3 trans) PLM. This implies that the entrances of the chan-
that with the first type of the gradienti§/trans300/100 nel are at different distances from the polar heads of the
mm KCI) the channels incorporated in Az-PLM were membrane lipids. If we call the channel entrance which
always more permeable for cation than the channels iprotrudes from the plane of the membrane into the side
PC-PLM under identical conditions. On other hand, of the toxin addition the €is’ entrance and the entrance
when we used the second type of the gradient, the desn the other side the tfans’ entrance, then we can
pendencies obtained with AZ- and PC-bilayers were theconclude that thécis™ entrance of the channel, indeed,
same. Consequently, only the entrance that is situated & placed farther from the surface of the polar lipid heads
thetrans-side of PLM is sensitive to the negative chargesthan the*trans” entrance.
of the lipid surface of the membran&his points out that
thetransentrance of the M-ST channel is much closer to
the bilayer surface than theis one.

The distance between theans entrance of M-ST
and the polar heads of the lipid is actually short. The
increase of KCI concentration at theans side of PLM

CURRENT-VOLTAGE RELATIONSHIP AND THE
LOCALIZATION OF THE STRUCTURAL DIFFERENCES OF THE
WILD AND MUTATED CHANNELS

The analysis of CVR of M-ST and ST channels gives us
from 100 mu (Debye lengthiD.97 nm) to 300 m (De-  hother possibility to clarify the localization of differ-

bye lengthlD.56 nm) was practically sufficient to neu- onces in structures of these channels. It was shown tha

tralize the influence of the negative charges of the lipidi,o cVR of wild-ST channels can be transformed to a

polar heads. This conclusion is supported by experigyainy asymmetrical and nonlinear relation (that looks

ments using greater concentrations of KCI. We couldjjq the one determined in the present paper for the M-ST
not see a difference (except in sign) between values o nnel) as long as we use bilayers that have a negative
zero current potential (about 3 mV; P> Pel) at 500 potential at thetrans surface of the PLM only (Fig. 4,
mm/1500 ma or 1500 mu/500 mu (cisltrans) gradients, insert). This observation confirms the important role of
at pH 7.5. the negative charges generated by ionogenic (titratable)
groups (mentioned above in the analysis of the channel
ASYMMETRICAL BILAYERS selectivity) in determining M-ST-channel properties. In
addition it also shows that these changes have to be

To confirm our previous conclusion about the asym_mainly localized at thdrans entrance of the channel.

metrical localization of the M-ST channel in the mem- APPplication of the electrostatic approach (developed to

brane plane we used asymmetrical bilayers, where ongescribe the behavior of the wild ST-channel, in Krasil-

monolayer was made from PC and the other from azolecliKov & Sabirov, 1989; Krasilnikov et al., 1991or de-

tin. The toxin was applied to theis side of the PLM and 1@l see Appendix2to the M-ST channel supports this

then the value of zero current potential was measured®SSUmption. This theoretical description shows that the

The results of this set of experiments are presented j@ddition of about 11 negative charges to thens en-

Table 1. trance of wild ST c_hannel is sufficient to adequately
It was found that the value of zero current potential deScribe the properties of the M-ST channel.

depended on the lipid composition of ttans mono-

layer of the PLM. When the toxin was added to a PCTHE LOCALIZATION OF THE pH-SENSITIVE MOUTH OF

monolayer of a PC/Az PLM the value of zero current THE CHANNEL

potential was close to that for a pure azolectiiw/{rans)

PLM. On other hand when the toxin was added to anThe analysis of the pH dependence of CVR nonlinearity

azolectin monolayer of Az/PC PLM the value of zero gives us another chance to clarify the structural features
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Table 2. Parameters of current-voltage characteristics of the modifiedchannel formed by the wild ST (Krasilnikov & Sabirov,

BLM under symmetrical and asymmetrical pH 1989; Krasilnikov et al., 1991see Appendix 2). The
Parameters Values of pH*,cis/trans result§ point out that the asymmetrical pH ianL_Iences on
of CVR selectivity and CVR could only be observed if the ap-
8.0/8.0 5.0/5.0 8.0/5.0 5.0/8.0 parent charge of one of the mouths (the one situated far
from the surface of the membrane; in tbis entrance)
Mutant-ST indeed depends weakly on pH. While the apparent
A 440+034  206+024 1.92£0.11 5.34£0.37 charge of tharansmouth, that is closer to the surface of
L- 193008 133015 132x005 2212018 w0 (0000 leaflet of the bilayer, has to depend strongly
L, 0.62+£0.04 0.74+0.03 0.84%0.12 0.58%0.03 i ' ;
wild ST on pH. The comparison of the results obtained for the
A 1.97+0.17 097+0.09 063+0.07 233+0.14 two channels (wild and mutant ST) demonstrates that the
L. 1.36+0.05 1.08+0.08 081+0.06 15 +0.08 values of apparent charges at their trans entrances is
L. 077£005 107£002 119+£004 077£0.05 different, and at pH 7.0 this discrepancy is maximal with

values of 1.05 and -9.62 for wild and mutant ST, re-
Buffer 2, with pH adjusted to the appropriate value lsyKIOH and ix

citric acid, was used in these experiments. PLM was formed from angpectlvely. Consequentlyhe, Conmbljltlon of the nega-
phosphatidylcholine-cholesterol mixture (3:1; by mass). The toxin wastiVe charges generated by ionogertitratable) groups
added to thecis compartment of the experimental chamber. * The pH at the transentrance is much larger in the case of the
value at the beginning of the experiment. The final value (that wasM-ST channel.
verified at the end of' experiment) could be distinguished at 0.1 pH. As we noted above it is most likely that the differ-
Resuilts of 3-8 experiments are represented. ence in structures of ST and M-ST molecules are located
around Cys130 in monomers and in all membrane sub-
of the channels. As evidenced in Fig. 5 the valud of units. of'the channels. Then, the dgtermination of the
was practically constant within a pH range of 4.0-9.0 localization of the changes observed in the channel struc-
Whereas the value of_ was strongly pH-dependent. ture should be equivalent to the determination of Cys130
Moreover. the established differences in CVR betWeedocallzatlon. If this assumption holds, since the main dif-
' erences between ST- and M-ST channels were found to

the ST- and M-ST channels are also determined, mainly,
by the difference in values df_. be at the trans entrance of the channels, we have to

The experimental data that allowed the localizationconclude that the CyslSO glycine-rich region of th? toxin
of the “pH-sensitive mouth” of the channel formed by take_s part in formation of theansentrance of the oligo-
M-ST and by wild ST were obtained in experiments with Meric channel. _ _ _
pH shifts in one side of the bilayers. It was found thata_ _ Another data set concerning this aspect is presented
decrease in pH-value at tioés side (where the toxin was 1" Table 4. One can see that different treatmentg on ST
added) of the PLM did not decrease the asymmetry no|c_nolecules (such as protease treatments and.pomt muta
the nonlinearity of CVR (Table 2). Moreover both pa- tion) can bring somewhat analogous changes in the chan-
rameters were slightly increased. However, the analonel properties. A close analysis demonstrates that all
gous pH shift at théransside of the bilayer transformed treatments have one common feature: They all affect the
the CVR shape deeply. It became practically equal tg=entral glycine-rich loop of ST. To take into account the
that obtained by the pH-shift at both sides of the PLMéexperimental observations that the main differences be-
simultaneously (Table 2). We have found that almost altween channel induced by wild toxin and the channels
parameters of the CVR (for M-ST) obtained at pH 5.0/induced by those “modified” toxin molecules were
5.0 and 8.0/5.0 were reliably distinguished from thoseshown to be located in theans entrance of the channel
obtained at pH 8.0/8.0 and 5.0/8.@ & 0.001). The the data presented in Table 4 strongly argue, even if
analogous result was obtained for PLM modified by wild indirectly, that the localization of glycine-rich loop of ST
toxin, but in this case the differences were not so laRje ( (and Cys130, respectivdlgorresponds to théransen-
= 0.05). The differences between CVR parameters obtrance of the oligomeric channelConsequently, this
tained at 5.0/5.0 and 8.0/5.0 or between those obtained giart of the toxin penetrates the hydrophobic zone of the
8.0/8.0 and 5.0/8.0 were observed only for a few featuredilayer and takes part in the formation of the ion channel
(A andL_ for M-ST andA for wild ST) and were not mouth close to the second leaflet of the membrane.
large P = 0.05). Hencethetransentrance of M-ST and As it was established the main differencetians
wild ST channels are much more pH-sensitive than theentrances is in larger value of negative charges in cases
cis one. The difference in thegansentrances of these of M-ST, F-ST and K-ST channels as compared to the
channels is mainly responsible for the observed differ-ST-channel.
ences in their CVRs. For M-ST channel we can assume that the SH-group

To verify this assumption we have done a theoreticalof Cys130 can, in principle, take part in determination of
analysis with an approach recently developed for theahe stronger cation channel selectivity at alkaline pH
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Table 3. Influence of SH-reagents on cation-anionic selectivity and parameters of current-
voltage characteristics of M-ST modified BLM

Parameters Control NMM DTNB 1AA

Application on BLM

Concentration (mg/ml) 1.0 0.06 1.0

Time (min) 120 180 120

Selectivity (mV) 26 05 29 +0.7 23 +0.6 22 +0.9
A 55 +£09 56 +1.8 54 +£0.3 4.9 +072
L_ 2.16£0.18 2.08 £0.22 1.97+0.12 2.05+£0.21
L, 0.56 +0.03 0.61+0.02 0.56 +0.02 0.56+0.05

Buffer 2 at pH 7.0 was used in these experiments. PLM was formed from an azolectin-
cholesterol mixture (3:1; by mass). Zero current potential was measured in the presence of a
threefold transmembrane gradient KCI (&/D.3wm; cis/trang. The toxin was added to thes
compartment” P * 0.05. Other conditions of the experiment are the same as described in
Materials and Methods.

Table 4. Comparative analysis of the properties of the ion channelscleavage of the polypeptide chain between G|y130 and

induced by ST, its mutant and its proteolysed forms Lys131 and, consequently, in the appearance of new car-
Sample  Lytic Selectivity Asym. Place of boxyl- and amino-groups in the glycine-rich region of
activity CVR  changes Fhe mqlecule. We can speculate that, becausq this regior
is flexible (after cleavage), these two new ionogenic
wild ST (11800 -12 .6 — (titratable) groups can move apart from each other in the
M-ST (2000 +5 .5 130 structure of the F-ST channel. So that the alpha-carboxyl
F-ST (2.0 +6 a5 7-8/130-131 group of Gly130 is located (or remains) close to tizns
K-ST [BOO +12 .0 133-134; 139-140; .
140141 entrance of F-ST channel, while the other group

(Lys131) is situated far from that channel entrance and
Lytic activity is represented as HU/mg protein. PLM was formed from does not take a large part in determining the equivalent
PC. Protein was always added to ttis compartment of the experi- potential at the channel entrances.

mental cell. Selectivity is represented as the value of the zero current  protease K can cleave the glycine-rich loop of ST in

potential, mV. It was measured at 100/368/transKCl-system, pH 44 1055t three positions. As a result, the toxin molecule

7.5. The positive sign indicates cationic selectivity of the channels.I . . id id in th tral alvei ich
Asymmetry of CVR was measured at 100rKCl solution, pH 7.5. 0seés sIX amino acid residues In the central glycine-ric

F-ST is a nicked ST (or its N-terminal fragment) obtained after weak'€gion. We reason, in an ana|09y with the argument
trypsin digestion. K-ST is a nicked ST obtained after weak digestion ofused for F-ST channels, that in K-ST channels an alpha-
wild toxin with Proteinase K¥ The full comparison among features of carboxyl group of Gly133 plays an important role in
the channels formed by ST, M-ST and F-ST are presented in Figs. 3-&jetermining the channel properties. Larger value of cat-
Places of the changes—are the positions of the substitution in pnmar;ron_anion Selectivity of K-ST channel in Comparison

structure of ST molecule (M-ST) or the positions of the peptide bonds . .
( ) P bep with F-ST channel can be a result of larger distance of

that are cleaved by the used enzymes (taken from Blomqyvist et al., .
1987; Thelestam & Blomquist, 1988). alpha-amino group of Val140 from thieans entrance of
K-ST channel than that for Lys131 in F-ST channel.

So all of above mentioned indirect (experimental
only because of its pKX This group is well modified by and theoretical) data suggest that the hinge part of the
specific reagents at pH 7.5-8.0 (when M-ST is in watertoxin (where Cys130 is situated) builds the *pH-
soluble form; Palmer et al., 1983) and, consequently, dependentrans mouth” of the ion channels formed by
its pK, obviously is not different from most tiols’ pKs the M-ST and, consequently, this part of the toxin pen-
(8.0-10; Hollecker, 1989). However, more likely (be- etrates the lipid bilayer. The conclusion is also in good
cause SH-group of this Cys is not available to specificagreement with recently published data (Ward et al.,
reagent in the channel structure) the introduction of Cysl994) in which the authors used N-(7-nitrobenz-2-oxa-
at position 130 of the primary structure of ST can simply 13-diazol-4-yl)-1,2-bis(hexadecanoyl)-sn-glycero-3-
change the structure of the glycine-rich region in such gghosphoethanolamine as an energy acceptor. They
way as to make the side chain of one or both of the twdfound that the distance between acrylodan (an energy
neighboring Asp-residues (127 or 128) come muchdonor, that labeled Cys130) and the inner leaflet of Ii-
closer to the channdrans entrance than in wild ST posome was 0.5 £ 0.02 nm.
channels. Some other interesting data about membrane effects

For the F-ST channel trypsin digestion results inof M-ST and wild ST are presented in Appendix 1.
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Conclusion nels as compared to the ST-channel. All the data ob-
tained strongly argues that the glycine-rich loop of ST

As can be seen, this first comparative study of wild and(and Cys130, respectively) corresponds to tifa@s en-
mutant channels in planar lipid bilayers (presented in thigrance of the oligomeric channel. The loop penetrates
work) demonstrates considerable change in almost athe hydrophobic zone of the bilayer and takes part in the
channel features (conductance, selectivity and currenformation of the ion channel mouth close to the second
voltage relationship) induced by the mutation. Taken to-leaflet of the membrane.
gether, the data obtained allow the conclusion that the  SH-group of Cys130 was shown to be not available
smaller single channel conductance induced by M-ST (irto the SH-reagents in the structure of M-ST formed chan-
comparison with that induced by wild ST) does not resultnel and, therefore could be exposed to a nonpolar envi-
from a decrease in the channel diameter (since the diamronment. Therefore, the introduction of Cys at position
eter is either constant or, perhaps, slightly increased)130 of the primary structure of ST obviously changes the
The smaller conductance might be determined by thestructure of the glycine-rich region in such a way as to
changes in the distribution of ionogenic (titratable) make the side chain some of the neighboring amino acid
groups around the channel entrances. residues, like Asp-residues (127 or 128), for example,

If we call the channel entrance which protrudes fromcome much closer to the channedns entrance than in
the plane of the membrane into the side of the toxinwild ST channel.
addition the ‘tis” entrance and the entrance on the other During the study, we successfully found that the
side the ‘trans’ entrance, the data indicate that the main pH-dependence of the ionic selectivity obtained in the
changes are at thigans entrance of the channel. This presence of differently oriented gradients of a permeable
entrance was found to be much more pH-sensitive an@électrolyte, the asymmetrical bilayers and asymmetrical
situated much closer to the bilayer surface thandise pH shift can be helpful in a study of any type of channel
one. It was discovered that the contribution of the negaincorporated in planar lipid bilayers. One can use these
tive charges generated by ionogenic (titratable) groups aechniques to estimate the charge distribution between
thetransentrance is much larger in the case of the M-STthe two entrances of an ion channel and the localization
channel. of a change in the channel structure and the channel itself

It is reasonable to assume that the differences iron the membrane plane.
structure of ST and M-ST molecules in solution are lo-
calized in the glycine-rich loop, the region around e gre grateful to Prof. S. Bhakdi and Dr. M. Palmer (Institute of
Cys130 in the mutated toxin. We assume that this is alS@edical Microbiology, University of Mainz, Germany) for providing
true for all subunits of the oligomer channel inserted inus with the protein samples and Prof. Dr. A.C. Campos de Carvalho
the membrane. So in both cases, the local structurdlnstitute of Biophysics, UFRJ, Rio de Janeiro, Brazil) for useful com-
change around Cys130 is suggested. To take these arggnts.‘ We th‘ank Dr. P. Merzlyak for his help with some BLM data
sumptions in mind, the localization of the structurally °!lection. This work was supported by the Conselho National de Des-

. . .envolvimento Cientifico e Tecnologico (CNPq) Brasil and by Funda-

altered region r_esponsuble for the obS(_erve_d changes i de Amparo”&Ciéncia e Tecnologia, Governo do Estado de Per-
channel properties corresponds to localization of Cys13@ambuco (FACEPE).
in the channel structure. Hence, Cys130 is localized
close to the@ransentrance of the channel, because at this
entrance the main changes were found. References
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nicks, and gaps in the glycine-rich loap. Biol. Chem268:5285— The electrostatic approach to describe properties of ST-channel was de-
5292 veloped as described elsewhere (Krasilnikov & Sabirov, 1989). In short,
Walker, B., Krishnasastry, M., Zorn, L., Bayley, H. 1992. Assembly of the ion tran‘spor‘t thr.ough ST channgls was described assuming ion diffu-
the oligomeric membrane pore formed by Staphylococcal alpha-Sion and migration in an asymmetrically charged water pore and consid-
hemolysin examined by truncation mutagenesisBiol. Chem. ering the interactions of penetrating ions with fixed charges at the channel
26721782-21786 entrances. For an arbitrary profile of potential energy in a membrane and
H. equilibrium at the channel entrances the partial current density was deter-

Walker, B., Krishnasastry, M., Zorn, L., Kasianowicz, J., Bayley, 1 _ ! :
mined according to Markin & Chizmadzhev (1974) by:

1992. Functional expression of thehemolysin of S. aureus in
intact E. coli and in cell lysates. Deletion of five C-terminal amino
acids selectively impairs hemolytic activityl. Biol. Chem.

267:10902-10909 i =Z\RT/F[Clexpz) — C7/
Ward, R.J., Leonard, K. 1992. The Staphylococcus aureus alpha-toxin ¥
channel complex and the effect of €aons on its interaction with f{eXF{ZNJ(l — X/8) + W ]}dx (A1)
0

lipid bilayers.J. Struct. Biol.109:129-141
Ward, R.J., Palmer, M., Leonard, K., Bhakdi, S. 1994. Identification of
a putative membrane-inserted segment indtexin of Staphylo-  herez. is the charge of ior; A, is the equivalent electrical conduc-
coccus aureusSiochemistry33:7477-7484 tance; is the channel lengthX is the channel length coordinate which
Watanabe, M., Kato, I. 1978. Purification and some properties of ajg zerg at therans entrance of the channel agdat thecis one; W, is
lethal toxic fragment of staphylococcal alpha-toxin by tryptic di- e potential energy of the ion in the pore,ki; ¥ = ¥, + ¢; — ¢,
gestion.Biochim. Biophys. Act&35:388-400 is the intermembrane potential, kT/e; Ct andC? are equilibrium ion
activities at thecis- andtrans entrances, connected with ion activity in
water solutionC,, by the Boltzman relationship:

Appendix 1

C = C,exp(Z¢;) (A2)
PH DEPENDENCIES OF THERATE OF THE
CHANNEL FORMATION where

To study the pH dependence of the M-ST channel formation we ob-

served an interesting effect: the maximum pore formation rate hap¢, = eQ exp(r/Lp) (A3)
pened at pH 5.5-6.0 (Fig.A3. The same pH effects were observed

using wild ST and other channel-forming toxins (Krasilnikov et al.,

1986: Krasilnikov, Muratkhodjaev & Zitzer, 1992). In all cases pH is the equivalent potential generated by the titratable charges at the
changed the ion channel distribution between closed and open stateghannel entranceg); is the total charge at the respective entramds;

A possible physico-chemical explanation of the phenomenon was dethe channel radiud;, is Debye length equal to

veloped recently (Krasilnikov et al., 1986, 1989, 1991). It is based on
two experimental facts: (i) a process of transition of the preformed
nonconducting oligomer (pre-channel) to open the conductive staté‘D
(channel) is the limiting rate of pore formation; (2) the similarity in the
bgll-shaped pH-dept_endenci_es of_rate of.cha.mnel formation and theé’m e €, T, R, Fandk have their usual meaning.

Gibbs free energy of interaction of ionogenic (titratable) groups of such Considering the interactions of ions with charges at the channel

channel-formlng protein-toxins with Watgr. As was shown t_)y Kra_lsn- entrances, the potential energy profile may be expressed as
nikov et al. (1986, 1989, 1991) about 10 ionogenic amino acid residues

(titratable charges) are sufficient to describe the shape and localization

of the maximum point on the pH-dependence of channel-forming ac\y, = z, ¢, exp[(X - 8)/L] + Z ¢, exp(X/Lp) + E (A5)

tivity for wild-type ST. This maximum was also at the same pH range

(Fig. 8B) where it was observed for M-ST. Hence, the same quantita-

tive and qualitative composition of ionogenic groups (titratable E has to be included due to several reasons. First, ions in the channel

= 1/(FV (e ¢, RTI2C,)) (A4)
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are subject to an action of image forces (Markin & Chizmadzhev, For comparing arbitrary channels the values of 1.3 nm and 10 nm
1974). Moreover, hindrance to the ion movement due to friction forceswere taken for the radius and length, respectivély, Q, andE were
should also be considered (Antonov, 1982). The principal peculiarityunknown parameters. To obtain these we used the experimental values
of the latter forces is their independence on the charge sign of thef CVR and zero current potentials. Parametrization was carried out by
penetrating ions. For simplicity X-independeitwas taken for the  the least square method using minimum random search algorithm (Eler,
first approximation. The total current is the product of the sum of 1972). The computations were performed on IBM PC AT. Confidence
partial currents and the channel cross section square. It was calculated @servals for the parameters were found using the Monte-Carlo method
(Bard, 1979). The integral in equation (A5) was obtained numerically
| = ar?3l,. (AB) by the trapezium formula.



