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Abstract. Nonelectrolytes such as polyethylene glycolssome or planar lipid bilayers does not form active pores
(PEG) and dextrans (i) promote the associationSof and (ii) that the properties af-toxin-induced pores in
aureus a-toxin with liposomes (shown by Coomassie lipid bilayers can be modulated to resemble those in
staining) and (ii) enhance the rate and extent of calceircells.

leakage from calcein-loaded liposomes; such leakage is

inhibited by H', Zn** and C&" to the same extent as that Key words: a-toxin — Protons — Divalent cations
of nonPEG-treated liposomes. Incubation of liposomes—Polyethyleneglycol — 3-(trifluoromethyl)-3-(m-
treated witha-toxin in the presence of PEG with the [**d]iodophenyl)diazirine — ¥*3-TID) — Lipid mem-
hydrophobic photo-affinity probe 3-(trifluoromethyl)-3- branes

m-[*?®]iodophenyl)diazirinet?™-TID) labels mono-
meric and—predominantly—hexameric forms of lipo-
some-associated-toxin; in the absence of PEG little
labeling is apparent. At high concentrations of &hd

Introduction

S ) The a-toxin of S. aureuds a hemolytic, cytotoxic, der-
Zn®* but not of C&'—all of which inhibit calcein leak- 16 crotic exotoxin, which is considered to be a major
age—the _dlstr|but|on (.Jf label between hexamer an irulence factor ofS. aureusnfections (Cassidy, Six, &
monomer 1S perturbed in fav0.r Qf the latter. . Harshman, 1974; Thelestam & Blomqvist, 1988). It is
In oa-to_xm-treated planar lipid bilayers from which secreted as a water-soluble monomer which interacts
excess toxin has been washed away, PEGs and dextraigy, ar9et membranes to form oligomeric structures
strongly promote the appearance of ion-conducting hichy have a porelike appearance by electron micros-

pores. The properties of such pores are similar in mos&Opy (Bhakdi, & Tranum-Jensen, 1991). Susceptible
regards to pores induced in the absence of nonelectrq:— y '

| “thev diff v in bei . ol ells treated with low amounts ef-toxin leak ions, in-
ytes’,’t €y dirler only in being more Sen3|t|ve 10 "clo- termediates of metabolism such as phosphocholine but
sure” by voltage (as are pores induced in cells).

: ) not proteins (Bashford et al., 1986). Calcein (molecular
In both systems, the stimulation by nonelectrolytes&eight 622), but not fluorescein-dextran (molecular
' ) eight 20,000) leaks fronux-toxin treated liposomes
to @ maximum around 2,000 Da. We c_oncludg (').that(Menestrina, Bashford & Pasternak, 1990). In planar
most of thea toxin that becomes associated with lipo- lipid bilayersa-toxin induces ion channels which exhibit
partial rectification (Menestrina, 1986) and voltage-
dependent closure at low pH or in the presence of diva-
lent cations such as €aor Zr?* (Bashford et al., 1988).

The availability and simplicity of action ak-toxin

have made it an excellent model for studying the func-
Correspondence toC.A. Pasternak tional assembly of a membrane pore. Its primary struc-

* On leave of absence frorinstitute of Cytology, Russian Academy of
Sciences, Tikhoretsky Avenue 4, St. Petersburg, Russia
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ture has been determined at the genomic level (Gray &ive potential cations flow frontis to trans. One hundred m KCl
Kehoe, 1984) and site-directed mutants with alteredpuffered to pH 7.4 with 5 m HEPES was used throughout, except

properties (Walker etal.. 1992 Palmer et al 1993) havé"here indicated otherwise. The solutions in either chamber could be
o ! ! P removed with a syringe through ports in the teflon housing; complete
been prepared. Low resolution electron MICTOSCOpe 1 xchange of solutions, without damaging the bilayer, was achieved by

age§ of membrane-asspuated toxin are ConS'St.em Wltf@peated removal and replacement such that the level of the air/solution
the idea that a hexameric structure forms the active porgyerface never fell below the orifice connecting the chambers and
(Olofsson et al., 1990). However, studies with photoac-supporting the lipid bilayer. All the experiments were performed at
tivatable lipid probes added to rabbit erythrocyte mem-room temperature.
branes (Thelestam, Jolivet-Reynaud & Alouf, 1983) or to Planar bilayers were formed from.DPhPC or Lettedl plasma
asolectin Iiposomes (Harshman etal., 1989) show almo%{lembrane (S_chmdler, 1980) as described by Korchev et al. (1995).
. . n one experiment, POPC/cholesterol (1/1 w/w) liposomes that had
eXC“_JS'Ve Iabelmg of monomer OnlY' The Ia_‘tter amhor,sbeen used for a calcein leakage experiment in the presence of PEG
ascribed the lack of hexamer labeling to failure of the'rZ,OOO andx-toxin were pelleted and bilayers formed by the technique
probes (phosphatidyl choline derivatives) to bind to theused for Lettrecell plasma membrane. Various amounts of a solution
relatively hydrophobic surface of the hexamer. We haveof a-toxin (1 mg protein/ml in 0.161 NaCl) were added to one cham-
therefore used the highly hydrophobic probe 3-(trifluo- ber €is) as stated in each figure legend. For all experimesntmxin
romethyl)-3m—[125l]iodophenyl)diazirine 3(25|-T|D) was removed after 5 min by perfusion with toxin-free solutions.
(Brunner & Semenza, 1981) to investigate this problem.
Our initial studies, using*?A-TID to label «-toxin-
treated liposomes, revealed no labeling at all, nor coul
we dete_Ct, Ilposome-assqg|atedtOX|n by CoomaS_SIG, . Calcein-containing liposomes of POPC/cholesterol (1/1 w/w) were pre-
Blue staining under conditions where there was S|gn|f|—pared by sonicating 12.5 mg lipid/ml in 80wrcalcein, 50 mi NaCl,
cant leakage of liposome-entrapped calcein. To improveH 7 (NaOH) as described previously (Menestrina, Bashford & Pas-
binding ofa-toxin to liposomes we tried adding nonelec- ternak, 1990; Alder et al., 1991). Nonentrapped calcein was removed
trolytes such as polyethyleneglycol (PEG) or dextraneithe_r by gel filtration on Sephadex G-_50 or by centrifl_Jgation gt 60,000
since these are known to favor amphipathic interactions‘ g in a Beckman TL-100 uItrgcentnfuge for 60 min. Fractionated
such as membrane fusion (BlOW et al., 1978) eVer}lposomes were resuspended in 16& MacCl, 10 nu Hepes, pH 7

h h th I . in ind dh (NaOH). Calcein fluorescence was excited at 490 nm (10 nm slitwidth)
though they protect cells againsttoxin induced hemo- and monitored at 520 nm (10 nm slitwidth) with a Perkin-Elmer MPF-

lysis (e.g., Bhakdi, Muhly & Fasle, 1984). The result 444 spectrofluorimeter; maximal leakage at the end of each experiment
was startling: binding ofx-toxin and calcein leakage was assessed by lysis with 2% Triton-X-100 (final concentration) (Me-
were dramatically increased, as was-TID labeling of nestrina, Bashford & Pasternak, 1990; Alder et al., 1991). All exper-
monomericand hexameric form ofv-toxin. When PEG ~ iments were performed at room temperature. ,
or dextran was added to planar lipd bilayers that had,  CeeRe vos S T o8 SR R R
been eXposed ta-toxin, a 1,000-f0|q |r_10rease I.n con- was removed and the liposomes pelleted at 100,000 rpm for 30 min in
ductance was ) obs_erved. These findings, which hav% Beckman TL-100 ultracentrifuge, the supernatants were recovered to
been reported in brief (Bashford et al., 1993; Kovacs etstimate free calcein and the pellets were resuspended in 0.05 ml of
al., 1993), are presented below. 0.16m NaCl, 0.01m Hepes pH 7.0 (buffered saline) and transferred to
wells in a 96 place hemolysis plate; (@l of [*29]TID was added
directly to each pellet and samples were photolyzed under a long wave
Materials and Methods length at illuminator (Mineralight, Model UVSL-58, Ultra-Violet Prod-
ucts, San Gabriel, CA) for a minimum of 15 min; samples and two 50
wl washings of each well were transferred to 0.9 ml buffered saline in

A_IPOSOME ExPERIMENTS

CHEMICALS TL-100 tubes and the labeled liposomes were pelleted at 100,000 rpm
for 30 min.
S. aureusx-toxin was a purified sample donated by Dr. K.D. Hungerer, Labeled pellets were prepared for polyacrylamide gel electropho-

Behringwerke, Marburg, W. Germany. Palmitoyloleoyl phosphatidyl- resis by adding: 24ul distilled deionized water (ddiD), 6 ul “5 x
choline (POPC) and diphytanoyl phosphatidylcholine (DPhPC) wererunning stain” (2% SDS, 10% glycerol, 0.0001% bromophenol blue
obtained from Avanti Polar Lipids. Cholesterol was from Sigma. 3- according to Laemmli (1970), and3 of dithiothreitol (>0.1m). Sam-
(trifluoromethyl)-3-gn-[**Aiodophenyl)diazirine ¥239-TID) was from ples were electrophoresed immediately or stored-24°C until re-
Amersham International. quired. Eight percent or ten percent polyacrylamide separating gels

with 4.5% stacking gels were run in an LKB 2050 midgit electropho-

resis unit at 200V (120 mA, 30 W) until the front reached the tank
BILAYER EXPERIMENTS buffer (ca 1.5 hr). Gels were: (i) fixed for at least 30 min in 10% wi/v

trichloroacetic acid, 10% v/v glacial acetic acid, 30% methanol and
The apparatus consisted of two Teflon chambers (capacity 0.12 mb0% dd HO; (ii) washed for 5 min in destain solution (41% ethanol,
each) connected by an aperture (10426 diameter) across a 10m 7% glacial acetic acid, 52% ddB); (iii) stained with Coomassie bril-
thick Teflon film. Ag/AgCl electrodes were used; the electrode con- liant blue (0.125 g/l in 41% ethanol, 7% glacial acetic acid and 52% dd
nected to virtual ground was in the chamber to whictioxin was H,0); (iv) destained by washing with destain solution until the gel was
added ¢is). lon current across such bilayers was measured at differentransparent. Gels were vacuum dried onto filter paper using an Ed-
applied voltages. Voltage signs refer to ttie compartment; at posi- wards Modulyo freeze drier and a Savant gel drier.
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Gels were autoradiographed-at0°C for 2040 hr using FujiRX  toxin in the latter case on the basis of staining with

100 medica_l X-ray film and were developed conventionally by the Coomassie Blue (Fig. 2): compare lane 1 of pakahd

hospital radiography department. lane 6 of panelC with lane 1 of paneB and lane 6 of
panelD; note that the concentration aftoxin had to be

ReD CELL EXPERIMENTS increased to 1 mg/ml to just visualize-toxin in the
absence of PEG. In these experiments, the liposome pel-

Whole rabbit blood was collected into (inmjt 150 NaCl, 5 KCI, 5 lets had been treated Witﬁzﬁ]ﬂD; the autoradiographs

Hepes, 1 MgSQ pH 7.4 (NaOH; Hepes-buffered saline, HBS) con- of the gels show that the level df9-labeled toxin is

taining heparin¢a 10 units/ml). Red cells were pelleted at 1,00 greatly increased in the PEG-treated liposomes, with la-

in an MSE Chilspin for 5 min and washed three times with 5vo|umesb l'in both | d iallv in high
of HBS before resuspension at 1% v/v in HBS. Hemolysis was as- el in both low (monomer) and especially in high mo-

sessed in round-bottomed, 96-well tissue culture plates. 0.05 ml HB3ecular weight (hexamer) species of the toxin: compare

without or with appropriate dextrans (10mnfinal concentration) or  1ane 1 of paneA and lane 6 of paneC with lane 1 of

PEGs (10% v/v final concentration) was added to all wells; then 0.05panelB and lane 6 of paneD.

ml toxin-containing medium was added to lane 1 and successive two- In conditions where protons, Zhor C&* inhibit

fold dilutions were made by removing 0.05 ml from lane 1 into lane 2, calcein Ieakage from toxin-treated Iiposomes?*Z(rp)an-

mixing and removing 0.05 ml from lane 2 into lane 3 etc.; the last 0.05 IsA and B) increases the proportion of toxin in pellets

ml was discarded. 0.05 ml 1% red cells were added to each well an . . _p P . .p

the plate incubated at 37°C for 60 min. Hemolysis was assessed b oth by Coomassie staining and by Iabellng W]'f.ﬁl'.

measuring absorbency of the supernatant and pellets at 543 nm. ID) found as monomer and other low molecular weight
forms. Protons (panel€ and D) have a similar effect,
whereas C# (lanes 5 and 6 of pan@) does not. Note

Results that under the conditions used for these experiments

(higher concentration of liposomes aadoxin than for

the experiments illustrated in Fig. 1), the effect of PEG

NONELECTROLYTES PROMOTE FORMATION OF t-TOXIN i ;
on calcein leakage is less pronounced.

Pores INLiIPOSOMES

Leakage of calcein from Ii.posor'nes eXPOSedAXIN IS None ecrroLYTES PROMOTE FORMATION OF a-TOXIN
greatly enhanced by the inclusion of polyethyleneglycolp,ocq \\ PLanar LiPio BiLAYERS

(or dextran) in the medium. FigureAlshows typical
records of the increase in calcein fluorescence observed = S
whena-toxin is added to liposomes in the presence of 0,’gddltlon of PEG or dextran to phospholipid bilayers

5.10 or 25% PEG 600. Both the rate and the extent o ontaininga-toxin channels from which excesstoxin
leakage are increased by PEG 600 in a concentratio as been removed by washing, induces substantial, ad-

dependent fashion. PEGS of other molecular weights ar itional ionic current that remains stable when the PEG
also effective (Fig. B). PEG potency increases with IS washed away (l_:lg./%. (We_use the word . channel .
PEG size up to a value of 2,000, and may tail off slightly in the context of bilayer experiments where ion current is

for larger PEGs. Doubling the concentration of PEG being measured, and. the vyord “.pore” iF‘ relation 1o -
(Fig. 1B) stimulates leakage further and shifts the actiy-POSOMeES and cells, without implying particular structures

ity-response curve towards lower molecular weight (for'.n eithfer ﬁase).l T?is showz thathEG. ind;é:es rt]he forrga-
PEG). If PEGs are added to liposomes pretreated witffon Of channels from prebound toxin. PEG has to be
a-toxin at 4°C and subsequently washed free of exceseddefJI o _the_same side of the bllaye_r that was exposed to
toxin, no additional calcein leakage ensues. Toxin--toxin (cis); if addedtrans,no effect is seen. At pH 7.4

induced calcein leakage in the presence of PEG is inhib‘:jmd. a transmembrgnge 'po\otenuzl 80 mv, fc;rresnté(;—
ited by protons and divalent cations to the same extent aains constant at 0.9 n (conductance of 3 nS)

that in the absence of PEG (FigC)l at concentrations :jnv, current (of app:jo>(<) ég n:; condductance off2i84nS%
similar to those found previously (Menestrina et al., 96créases to around 0.85 nA, (conductance of 1.4 nS).

In other words, increased voltage favors the “closed”

1990). state ofa-toxin channels. This is true also of pores
formed in the absence of PEG, except that in that case

LABELING OF LIPOSOMEASSOCIATED t-TOXIN much higher voltages are necessary to induce the low-

with [*23]TID conducting state (Menestrina, 1986). A plot of the ratio

of residual current/initial current/(,,,,,) against voltage
The potentiation ofi-toxin induced calcein leakage from gives the curve indicated by the filled circles in Fid3;3
liposomes by PEGs is accompanied by an increased asomparison with data from nonPEG treated bilayers
sociation of toxin with liposomes. Polyacrylamide gel (open circles) shows marked difference in voltage sen-
electrophoresis (PAGE) of toxin-treated liposome pelletssitivity, indicative of a different type of pore; rectifica-
prepared without or with PEG reveals substantially moretion at pH 7.4 (Menestrina, 1986) is also increased in
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Fig. 1. Effect of PEG omx-toxin induced calcein leakage from liposomes. POPC/cholesterol liposomes containing entrapped calcein were prepare
as described in Materials and Methods and incubated at room temperA)ufemé course of calcein leakage. Liposomes bdml) without (trace

i) or with 5% (trace ii), 10% (trace iii) or 25% (trace iv) PEG 600 (all w/v) were treated withxin (2 wg/ml) at the time indicated by the arrow.
Fluorescence (expressed in arbitrary units) was monitored continuously. At the end of each run triton X-100 was added to determine the maxin
extent of leakage. A typical experiment is showB) Dependence on concentration and molecular weight of PEG. Liposomegy(fr0) without

(A) or with 5% (e ) or 10% @) PEG (w/v) were treated with-toxin (2 wg/ml) and increase of fluorescence monitored a&;iwhen fluorescence

had reached a steady value (>10 min), triton X-100 was added to determine maximum leakage. The ordinate shows the mean % of maximum leak
for several experiments (error bars indicatai of 3 (H), 4 (¢ ) or 7 (A) experiments).) Effect of protons and divalent cations. The pH of the
liposome suspension (40g/ml) was either kept at 7 and Zn§Qupward triangles) or Cagl(squares) added to give the final concentrations
indicated, or was reduced with HCI (circles) to give the findl ¢dncentration indicated. Five percent PEG 4,000 (final; w/v) was added (filled
symbols) or not (open symbols), followed hytoxin (2 g/ml). An additional experiment with liposomes (1@@/ml) in 0.16m NaCl, phosphate/

citrate buffers, diluted tenfold to give the final'ldoncentration indicated (downward triangles) is also shown. Ten percent PEG 1500 (final; w/v)
was added (filled symbols) or not (open symbols), followedvbpxin (10 wg/ml). The increase in fluorescence was monitored &s ipercentage

of maximum leakage was calculated asBrand assigned a value of 100 for leakagé-PEG) at pH 7 without divalent cations: Percentage of
maximum leakage under conditions of altered pH or added @nCa* is expressedsaa % ofthat control value {/--PEG). Symbols refer to
individual experiments (each with its pH 7, no divalent cations, control).
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Fig. 2. Effect of PEG on binding and oligomerization@ftoxin by liposomes. Liposomes (1@@/ml) were incubated at room temperature without

or with PEG 1500 (10% w/v final) in 160 mNacCl buffered with 10 m Hepes (pH 7.4) for the experiments shown in padetsdB or with 10

mm phosphate/citrate buffers for the experiments shown in paelsdD. a-toxin (10 pg/ml) was added and calcein leakage was monitored as
shown in Fig. 1, paneA. After 5 min a portion of the suspension was removed, the liposomes pelleted and the amount of calcein in the supernatar
assessed and the pellets labeled WitR[TID as described in Materials and Methods. The % calcein leakage quoted refers to a value of 100% after
the addition of triton (Fig. 1). Each panel shows Coomassie Blue staining (upper) and autoradiographyltawer) of the same polyacrylamide

gel. Molecular weight markers (upper panels) are shown to the sides of the experimentaPtanesA: Effect of Zr?* in the presence of PEG.

Lanes 1, 2, 3 and 4 correspond to the addition of 0, 3, 10 and\vB@mA* respectively. The % calcein leakage was 65, 60, 30 and 15% respectively.
Panel B:Effect of Zr?* in the absence of PEG (lanes 1-4) and of'Gaith or without PEG. Lanes 1, 2, 3 and 4 correspond to the addition of 0,

30, 10 and 3 m Zn?*" respectively. The % calcein leakage was 55, 15, 35 and 40% respectively. Lanes 5 and 6 correspond to the addition of 5
mm Ca?* with (lane 5) or without (lane 6) PEG. The % calcein leakage was 25 and 15% respe®aed}.C:Effect of pH in the presence of PEG.
Lanes 2, 3, 4, 5 and 6 correspond to pH 3, 4, 5, 6 and 7 respectively. The % calcein leakage was 15, 60, 75, 75 and 75% respectively. A stanc
(unlabeled) sample af-toxin was run in lane 1Panel D: Effect of pH in the absence of PEG. Lanes 2, 3, 4, 5 and 6 correspond to pH 3, 4, 5,

6 and 7 respectively. The % calcein leakage was 20, 30, 65, 65 and 65% respectively. A standard (unlabeled) sgoxifeveds run in lane 1.

PEG-induced channels relative to nonPEG induced chara rapid decline (Fig. 8). The residual current remains
nels ot show). When PEG-induced channels are ex-low if the pH is returned to 7.4, and now shows voltage
posed to pH 4.5, there is an initial increase of current (asensitivity approaching that of nonPEG-treated bilayers
with nonPEG pores: Korchev et al., 18)5followed by  (crossed circles in Fig.B.
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In other words, PEG-induced channels are unstabl&ave been treated with-toxin and PEG are incorporated
at low pH [induction of pores at pH 4.5 by PEG also into planar bilayers, the ensuing current (filled dia-
gives a reduced current relative to that induced at pH 7.4nonds) shows the sensitivity to voltage typical of PEG-
(not showd; this may be contrasted with the stability of treated DPhPC bilayers (filled circles), rather than that of
channels induced in the absence of PEG: loss of currenmtonPEG-treated DPhPC hilayers (open circles). In con-
at pH 4.5 is fully reversible simply by switching voltage trast, because PEGs induce an osmotic effect on cells,
to O (as is loss of current by divalent cations: Menestrinathey protect rabbit erythrocytes against haemolysis
1986). By exposing planar bilayers to PEG after treat-caused byx-toxin (see below
ment with extremely low amounts aftoxin—that on its The stimulating effect of PEG on promoting channel
own induces no channels—*"single-channel” eventsformation is not restricted ta-toxin. Diphtheria toxin-
may be discerned (FigQ: at+60 mV, pores are mainly treated planar lipid bilayers (Alder, Bashford & Paster-
“open,” whereas at+100 mV, channels are mainly nak, 1990) are sensitive, though planar lipid bilayers (or
“closed.” The conductance of a single channel is aroundliposomes) treated with pneumolysin (Korchev, Bash-
75 pS, which is close to the value of 82 pS found forford & Pasternak, 1992), melittin or tritoxL00 (Alder et
nonPEG-induced channels (Korchev et al., 1895The  al., 1991) are not. Stimulation of channel formation by
magnitude of the effect of PEG in inducingtoxin chan- PEG is not confined to purely lipidic systems: planar
nels is indicated in Fig.3: 10 ng/ml ofa-toxin in the  bilayers composed of Leftreell plasma membrane
presence of PEG induced the same number of channe{&orchev et al., 1998) show a large effect (Fig.R.

(i.e., the same current) as i@/ml a-toxin without PEG,  In contrast neither Lettreells (*H]-phosphocholine
i.e., a 1,000-fold stimulation. When nonelectrolytes ofleakage: Bashford et al., 1986) nor rabbit or human
different molecular weight were compared, it was founderythrocytes (hemolysis) are affected by PEG added to-
that maximal stimulation is achieved with PEG of 2,000 gether with, before, or aftez-toxin (not showi.

daltons (Fig. E), exactly as for liposomes (Fig.B};

glycerol, glucose or sucrose are ineffective; nonelectro-EST”VIATION oF Toxin Pore Size IN ERYTHROCYTES
lytes at pH 4.5 induce no additional channels. Anothera-toxin induced hemolysis proceeds by a colloid osmotic
similarity between the response of liposomes (made ofhock mechanism (Bhakdi et al., 1984). High molecular
POPC/cholesterol) and planar lipid bilayers (made ofweight solutes protect red cells provided that they do not
DPhPC) is indicated in Fig.B if liposome pellets that pass through the toxin-induced pores. Dextran 1500

«—

Fig. 3. Effect of PEG ona-toxin induced ion current across lipid bilayers. Planar lipid bilayers were made from DPhPC (pai:I€, Dand

E), POPCl/cholesterol liposomes (par®l or Lettre cell plasma membrane (pang) and ion current measured as described in Materials and
Methods.Panel A: Stimulation of ion current from manyg-toxin channels by PEG. Bilayers composed of DPhPC were exposeddxin (10

wrg/ml) at pH 7.4 for 5 mins followed by addition of PEG 4,000 (final 20% w/v) to both chambers as indicated by the first arrow. When current
had reached a plateau, after approx. 7 min, the solutions in each chamber were changed to ones without PEG 4,000. The pH in each chamber
changed to pH 4.5 at the point indicated by the second arfRamel B: Voltage-dependence of-toxin induced currents (many channels). The
relationship between current at different voltages as equilibrium is approagteedi(the initial (maximal) current at these voltages,() is plotted

against different voltages. Bilayers composed of DPhPC were exposetbkin (30 wg/ml) at pH 7.4 O), to a-toxin (1 wg/ml) at pH 7.4 followed

by PEG 4,000 (20% wi/v) at pH 7.4 followed by its removal when current had reached a plateau as A (@hebr to a-toxin (1 wg/ml) at pH

7.4 followed by PEG 4,000, followed by its removal when current had reached a plateau, followed by exposure to pH 4.5 f&)5lopogomes
composed of POPC/cholesterol (80/ml; w/w) and exposed te-toxin (2 wg/mol) and PEG 2,000 (10% wi/v) as in Fig. 1 were pelleted after calcein
leakage had reached a maximum and used to form a bilaggrRanel C:Induction of singlex-toxin channels by PEG. Bilayers composed of
DPhPC were exposed tetoxin (3 ng/ml) at pH 7.4 at the point indicated by the first arrow (no detectable current) and removed after 5 mins. PEG
4,000 (final 20% w/v) was added to both chambers at the point indicated by the second arrow and removed at the point indicated by the third arrc
Panel D: Dependence of PEG-induced currents on concentratiartokin. Bilayers composed of DPhPC were exposed-toxin at pH 7.4 at

the concentration shown for 5 mins followed by its removal. PEG 4,000 (20% w/v final) was then added (filled symbols) followed by its removal
when the numbers of channels (at low toxin concentration or in the absence of PEG) or the current (at higher toxin concentrations in the presel
of PEG, where individual channels cannot be resolved) had reached a plateau. Open symbols refer to channels in the absence of PEG.
experiments were performed 880 mV. The ordinate shows the number of channels computed from traces such as that @f (fankiw toxin
concentration or in the absence of PEG) or from the current (for higher toxin concentration in the presence of PEG) on the assumptiéd that at
mV each channel has a current of 10 p&€panelC). Means of a number of experiments, with error baes where applicable, are plotteBanel

E: Dependence of nonelectrolyte induced currents on molecular weight. Bilayers composed of DPhPC were exptmdd (@0 pn.g/ml) at pH

7.4 for 5 mins followed by its removal. Nonelectrolytes (all at 20% wi/v final) at pH 7.4 (filled symbols) or pH 4.5 (open symbols) were added,
followed by their removal when a plateau had been reached. The nonelectrolytes used were glycerol (circles), glucose (squares), sucrose (upv
triangles), PEGs of various molecular weight (downward triangles) or dextran (diamonds). All experiments were carrieg@unh¥tand the
number of channels (derived from the current in the case of high molecular weight nonelectrolytes at pH 7.4 as oy pawetled. Means of

a number of experiments, with error basg) where applicable, are plotteBanel F: Stimulation of ion current from single to manmytoxin
channels by PEG. Bilayers formed from purified Letted plasma membranes were exposed-timxin (10 pg/ml) in 80 mv KCI at pH 4.5 until

a single channel current was observed. Excess toxin was removed; the channel remained stable at pH 4.5 for more than two hrs. The medium
then replaced by 80 mKCI, pH 7.4 with PEG 2,000 (final 20% wi/v). The time scale indicator applies to both sections of the record.
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Fig. 4. Protection by nonelectrolytes aftoxin induced hemolysis. Hemolysis of rabbit erythrocytes was assessed as described in Materials and
Methods.Panel A:Dependence oa-toxin concentration. Hemolysis in the absence@j 6r presence of 10 mdextran 1500M), 10 mv dextran

15,000 @A) or 10 mv dextran 40,000Y) was measuredPanel B:Dependence on molecular weight of nonelectrolytes. Hemoloysistoyin (103

to 10°* wg/well) in the presence of 10mPEGs &), 10 mv stachyoseY) or 10 mv dextrans M) of molecular weights as indicated was measured

as described in pandél and is expressed as the % of hemolysisibtpxin in the absence of nonelectrolyte. Error basv) refer to hemolysis at
different a-toxin concentrations and in 8-10 different experiments.

(and lower molecular weight species) has little effect onthe amount of toxin associated with liposomes (Fig. 2) and
a-toxin induced hemolysis (Fig.A) whereas Dextran (i) the degree of toxin-induced leakage across liposomes
15000 and especially Dextran 40000 exert considerabléFig. 1) or planar bilayers (Fig. 3). The fact that leakage
protection. Data from several experiments for solutes ofaicrossa-toxin-treated planar bilayers can be increased by
differing size, are collected in FigB4 Interpolation indi- as much as 1000-fold by the addition of PEG (Fig. 3) sug-
cates that 50% protection is achieved with polymer of mo-gests that >99% of-toxin is normally associated with
lecular weight around 8500. Note that thetoxin/ membranes in a nonpore-forming configuration—perhaps
hemolysis dose-dependence is not significantly shifted byn, but not in, the membrane—with infrequent conforma-
the presence of dextrans (FigA/4 A polymer of 8500 tion changes that cause part of the molecule to span the
daltons has a radius of approx 1.7 nm (in the 50% hydratedhembrane. Somewhat similar conclusions have been
form) which may be compared with an estimated pore sizeeached with regard to melittin (Terwilliger, Weisman &
of 0.7 nm radius from measurements of conductance acrogsisenberg, 1982) and colicin (Van der Groot et al., 1991).
lipid planar bilayers (Korchev et al., 1995 The reason The action of PEG is then to catalyze the insertion process,
for this apparent discrepancy is not clear, but we note thgbresumably by dehydrating the area of contact between
at low toxin concentrations leakage of ions and intermedi«w-toxin and lipid bilayer, in the way that nonelectrolytes
ary metabolites, but not uptake of trypan blue or erythrosindehydrate molecular complexes such as hemoglobin (Co-
is observed; higher concentrationscsfoxin are required lombo, Rau & Parsegian, 1992). The fact that erythrocytes
to elicit such leakage (Korchev et al., 1895At even treated witha-toxin are insensitive to PEG may indicate
higher concentration, lactate dehydrogenase begins to ledkat in this instance a receptor protein fulfils a similar func-

(Bashford et al., 1986). tion. Another situation exists, in which a protein (annexin
V) appears to form specific (§ channels across lipid
DISCUSSION membranes (Demange et al., 1994) without inserting into

the bilayer structure; addition of PEG in this system causes
To the best of our knowledge, this is the first direct dem-no additional channels to form (Y.E. Korchev and S. Lie-
onstration that the hexamer aftoxin is indeed the pre- mann,unpublished experiments
dominant form present within the hydrophobic milieu of The second point that this study has revealed con-
membranes undergoing leakage (Fig. 2). Previous attempterns ion conductance throughtoxin-induced chan-
with photoactivable probes (Thelestam et al., 1983; Harshnels. We have shown that channels induced in Lettre
man et al., 1989) labeled only monomer, though it wascells or across planar bilayers composed of Leti#
assumed that hexamer is the active species (Harshman giasma membrane are much more sensitive to “closure”
al., 1989). To observe extensive labeling of hexameter wéy voltage, and show a higher degree of rectification,
used nonelectrolytes like PEG or dextran that increase (jhan channels across planar bilayers composed of
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DPhPC (Figs. 5 and 7 of Korchev et al., 18950ne R., Burger, A., Huber, R. 1994. Annexin V: the key to understand-

might postulate that membrane proteins are responsible ing ion selectivity and voltage regulatioTIBS 19:272-276

for this. However, the fact that PEG-induced channelsGray. G.S., Kehoe, M. 1984. Primary sequence of alpha toxin gene

across DPhPC bilayers have the same sensitivity to volt- from Staphylococcus aurew&ood 46.Infect. Immun46:615-618

age and degree Of rectiﬁcation as Lém' membranes Harshmgrl, S., Boquet, P., Duflot, E., Alouf, J.E., Montecucco, C.,

indicates that it is the-toxin hexamer itself that appears ~ Papini. E. 1989. Staphyloccal toxin: a study of membrane pen-

to exist in several states. one of which is more voltage- etration and pore formatiod. Biol. Chem264:14978-14984

sensitive and shows higher rectification than others. Théor;hg"' SYV'iEér’;'(da?; GE':/'/ S:EZ:\EI‘V”&%" QINBSSFS:;?&?]:R' E];o/gmll£5

difference bgtwee_n SleCh S_tates is likely to, be elucidated Staphylococcus aurewdpha toxin-induced pores: channel-like be-

through studies V‘_”th site-directed mUtan_t.S in the way that  payiour in lipid bilayers and patch-clamped cells. Membrane

these have contributed to voltage sensitivity of—for ex-  Biol. 143:143-151

ample—the potassium channel (Schoppa et al., 1992). korchev, Y.E., Bashford, C.L., Pasternak, C.A. 1992. Differential sen-

sitivity of pneumolysin-induced channels to gating by divalent cat-

We are grateful to Barbara Bashford and Stefanina Pelc for preparing the 10NS-J. Membrane Biol127:195-203

manuscript and to the Royal Society and International Federation of UniKovacs, E., Pederzolli, C., Bashford, C.L., Pasternak, C.A. 1993. Stim-

versity Women (EK), Cell Surface Research Fund, European Commission ulation by polyethylene glycols of the liposome leakage induced by

(CP), Science and Engineering Research Council, The Wellcome Trust « toxin. 11th Int. Biophysics Congress, Budapestbstr)

and UNESCO (Molecular and Cellular Network) for financial support.  Laemmli, U.K. 1970. Cleavage of structural proteins during the assem-

bly of the head of bacteriophage TMature 227:680-681
Menestrina, G. 1986. lonic channels formedStaphylococcus aureus
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