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Abstract. Using the planar lipid bilayer technique we rium Pseudomonas syringpe. syringae, (Sinden,
demonstrate that the lipodepsipeptide antibiotic, syringoDeVay & Backman, 1971; Gross, DeVay & Stadman,
mycin E, forms voltage-sensitive ion channels of weak1977). The structure of the most abundant form, syrin-
anion selectivity. The formation of channels in bilayers gomycin E, was recently determined (Segre et al., 1988;
made from dioleoylglycerophosphatidylserine dopedFukuchi et al., 1992) (Fig. 1). The syringomycins are
with syringomycin E at one side (1-4Qg/ml) was virulence factors that have been implicated in a variety of
greatly affected bycis-positive voltage. A change of bacterial plant diseases including necroses of stone fruits
voltage from a positive to a negative value resulted in (i)and holcus spot disease of maize (Gross & DeVay,
an abrupt increase in the single channel conductance (thE977). They also inhibit the growth of yeast and fungi,
rate of increase was voltage dependent) simultaneousn activity that may enhance the survival and competi-
with (ii) a closing of these channels and an exponentiativeness ofP. syringaepv. syringaeon host plant sur-
decrease in macroscopic conductance over time. Th&aces (Zhang & Takemoto, 1986; Takemoto, 1992).
strong voltage dependence of multichannel steady state Plasma membranes are the primary site of action of
conductance, the single channel conductance, the rate sfringomycin E, but the mechanism of action at this site
opening of channels at positive voltages and closinghas not been elucidated (Takemoto, 1992). Among the
them at negative voltages, as well as the observed abrughown effects on yeast and plant plasma membranes are
increase of single channel conductance after voltage sigimcreased cation fluxes, altered+ATPase activities and
reversal suggest that the change of the transmembrameembrane protein phosphorylation (Zhang and Take-
field induces a significant rearrangement of syringomy-moto, 1986; Bidwai et al., 1987; Takemoto, 1992). In
cin E channels, including a change in the spacing ofyeast, a normal level of sterols is required for growth
charged groups that function as voltage sensors. Thimhibition by syringomycin E suggesting an interaction
conductance induced by syringomycin E increased withwith membrane lipids (Takemoto et al., 1993). Consis-
the sixth power of syringomycin E concentration sug-tent with a membrane interaction mechanism is the re-
gesting that at least six monomers are required for charnport that syringotoxin, a related cyclic lipodepsipeptide,
nel formation. forms anion selective, voltage-sensitive channels in pla-
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gating — Lipid bilayers In this paper, using the planar lipid bilayer technique

with syringomycin E, we report the formation of anion
selective ion channels by syringomycin E and unique
The syringomycins are cyclic lipodepsipeptides pro-voltage sensitivity properties of these channels.

duced by certain strains of the phytopathogenic bacte-

Materials and Methods

Introduction

E— Synthetic 1,2-dioleoybn-glycero-3-phosphoserine (DOPS) was ob-
Correspondence toA.M. Feigin tained from Avanti Polar Lipids, Pelham, AL. All electrolytes were
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Fig. 1. Syringomycin E (zwitterionic form). Abbreviations: Arg, arginine; OH-Asp, 3-hydroxyaspartic acid; Dab, 2,4-diaminobutyric acid; Dhb,

dehydro-2-aminobutyric acid; CI-Thr, 4-chlorothreonine; Ser, serine;

Phe, phenylalanine.

reagent grade. All water was doubly distilled and deionized. Salt sorate of current increasejﬂdt), calculated from the data

lutions for bilayer experiments were 100vnNaCl buffered by 5 m

MOPS to pH 6.0. Syringomycin E was purified to homogeneity as

described previously (Bidwai & Takemoto, 1987).

Virtually solvent-free membranes were prepared as described b

Montal and Mueller (1972). Two symmetrical halves of a Teflon
chamber with solution volumes of 1 éwere divided by a 1fum-thick
Teflon partition containing a round aperture of aboutp38 diameter.

shown in Fig. 2, on the applied positive voltage is shown
in Fig. 3. The parameted|/dt, changese-fold for every

}3 mV.

An abrupt change in transmembrane voltage from a
positive to a negative value of the same magnitude led to
two outcomes: first, an immediate increase in the abso-

Hexadecane in n-hexane (1:10, v/v) was used for aperture pretreatmerjyjte value of transmembrane current (which was slightly

“Virtual ground” was maintained at thdrans side of the bilayer.
Hence positive voltages mean that thieside compartment is positive
with respect to thérans side. Positive currents are therefore those of
cations flowing fromcis to trans. All experiments were performed at

voltage dependent — the relative increase of the current
grew from 1.6-fold on going from +120 to —-120 mV to
2.0-fold on going from +200 to —200 mV) (the actual

room temperature. A detailed description of methods used for memvalues of transmembrane Current_ before and after the
brane preparation and single channel data analysis may be found elséeversal of voltage sign are shown in Fig. 2); and second,

where (Teeter et al., 1990; Bezrukov & Vodyanoy, 1993).
Syringomycin E was added to the aqueous phase atas)eside
of the bilayer from stock solutions (1 mg/ml) in ethanol.

Results

THE MACROSCOPICCONDUCTANCE OF BILAYERS MODIFIED
WITH SYRINGOMYCIN E

The addition of syringomycin E to the bathing solution at

an inactivation of the membrane conductance. The in-
creasingly prominent “tail” of the inactivating portion
of the transmembrane current (insert in Figdpdem-
onstrates that this inactivation of current results from the
successive closing of single channete€below for a
more detailed description of single-channel activity).

At negative voltages the current decreased as a dou-
ble exponential; the higher the voltage, the more rapid
the decrease of membrane current. The decreasing por-
tion of the current resulting from the negative voltage
step is fit by the double-exponential equation

one side of the bilayer induced an increase in bilayer

conductance in a voltage-dependent manner. The te

- = Aexp(Kgt) + Agexp(Kot).

poral course of the current across the bilayer in response
to, first, a positive voltage step, and then, a negative oné\n example is presented as an insert in Fif.\2herek,

(from +120 to —120 mV, from +135 to -135 mV, from
+160 to -160 mV, from +170 to -170 mV, from +180 to
-180 mV, from +200 to —200 mV) in the bilayer mod-
ified with one sided addition of syringomycin E, is de-
picted in Fig. 2.

= 0.009 msec; k, = 0.001 msech; A, = —3270 pA and
A, = —-1400 pA.

The dependence of rate constakisandk, (calcu-
lated from the kinetics of current decreases shown in
Fig. 2) on the applied voltage are shown in Fig. 4.

The rate of the increase in current that was inducedBoth parameters were found to be voltage-dependent,
by the application of the positive voltage grew exponen-changinge-fold for every 24 mV fork,, and every 27 mV
tially with the applied voltage. The dependence of thefor k.
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Fig. 3. The dependence of the rate of current increasft, calcu-  Fig. 4. The dependence of the rate constantg-o-) andk, (-n-) of
lated from data presented in Fig. 2, on the applied positive voltage. Theurrent decrease, calculated from data presented in Fig. 2, on the ap-
parameterdl/dt, changese-fold for every 13 mV change in voltage.  plied negative voltage. Both parameters were found to be voltage-
dependent, changingfold for every 24 mV (fork,), ande-fold for
every 27 mV (fork,) change in voltage.

The dependence of steady-state conductance in-
duced by syringomycin E on the applied positive voltage
was studied in the narrow range of voltages because weoltage in the voltage range 25-50 mV (positivecat
could not obtain steady-state conductance at voltageside) is presented at Fig. 5. The plot of the logarithm of
higher than +50 mV due to an “infinite” growth of membrane steady-state conductamseapplied voltage
conductance with time. An example of changes of theis presented as an insert to Fig. 5. The steady-state con-
steady-state current across the bilayer modified with syductance grows exponentially with the applied voltage
ringomycin E in response to the stepwise changes (5 m\and changes-fold for every 10.6 £+ 0.3 mV. The aver-
in the each step) of the amplitude of transmembranege value of the voltage change necessary to increase



44 A.M. Feigin et al.: Channel-Forming Activity of Syringomycin E

7N
o O

I [pA]

600 -

- N )

Conductance [nS]

300 4 25 30 35 40 45 50
Voltage [mV] Fig. 5. An example of cha_mges of th_e_ stea_dy-state
current across a DOPS bilayer modified with
syringomycin E (10ug/ml, cis side only) in
response to the stepwise changes (5 mV in the
100 each step) of the amplitude of transmembrane

: sec voltage in the voltage range 25-50 mV (positive at
50 mV Tlme — cis side). The stairlike line marks the times of
voltage changes. The plot of logarithm of
membrane steady-state conductamseapplied
voltage approximate a straight line (insert). The
slope of the line is related to a changeesfold in
conductance every 10.6 = 0.3 mV.

membrane steady-state conductaedeld was 11.8 +
3.4 mV (across 5 experiments). This behavior corre- 1000 3
sponds to an effective gating charge of 2.0 (Latorre & __
Alvares, 1981; Tosteson & Tosteson, 1984; Hille, 1992).Q
The dependence of the membrane steady-state cofy 100 -
ductance on the concentration of syringomycin E in the2
bathing solution was measured by comparing steady% u
state conductances at the positivés(side) voltage of 3
+25 mV for 3—-4 concentrations of syringomycin E for
each bilayer (6 bilayers total). An example of a typical
concentration/effect curve is shown in Fig. 6. The con-
ductance increased with the sixth power of syringomycin 1 5 70 15 20 25 3
E concentration. Though the absolute response of cer- i ) 30
tain concentrations of syringomycin varied, the slopes of Syringomycin E[rg/ml]
the curves (logarithm of steady-state conductance versus

. . . S Fig. 6. An example of the dependence of the membrane steady-state
lOQa”Fhm of concentration of syrlngomycm) in all cases conductance on the concentration of syringomycin E in the bathing
were in the range of 5-7 (6.2 + 0.5). solution is side only). A steady-state conductance was measured at a

positive is side) voltage of 25 mV for each concentration.

T 10 1
5 ]
o

THE CHANNEL-FORMING ACTIVITY OF SYRINGOMYCIN E
of the bilayer; (ii) the appearance of channels with high

After addition of low concentrations of syringomycin E conductance — 2-5 times higher than the conductances
(1.0-5.0p.g/ml) to one side of the bilayer, single-channel of channels at positive voltages (the amplitude of in-
activity was observed after a step of positive voltagecrease was voltage dependent); and (iii) the closing of
(150-200 mV). After several channels appeared, thehese channels and an exponential decrease of the num-
voltage was changed to lower levels, allowing calcula-ber of open channels. The decrease in the number of
tion of the current-voltage curves for single channels.open channels began immediately after field reversal.
Decreases in the level of positive transmembrane voltagkn addition to the large channels with high conductance
resulted in decreases in the number of channels over timénat appeared after the reversal of the field from positive
without a change in single channel conductance (about ¥ negative, “small” channels, with conductances simi-
pS in 100 nm NacCl). lar to those of channels observed at positive voltages,

The records of transmembrane current for bilayerswvere also observed. Both types of channels are clearly
containing a few syringomycin E channels before andvisible at negative potential in the 200 mV record of
after reversal of applied electric field are shown in Fig. 7.Fig. 7.
The reversal of voltage from positive to negative resulted  The conductance of single channels was voltage-
in (i) a steplike doubling of the macroscopic conductanceindependent in the case of positive voltages up to +200
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Fig. 8. Voltage dependence of single channel conductances obtained

'40] from the records of single channel activity induced by syringomycin E
. (cis side only, 5pg/ml) in the bathing solution (100 mNacCl, 5 mm
204 ¢ MOPS, pH 6.0).
0 -
+200 mVv
-20- current (reversal potential) was measured after formation
40 of a 10-fold transmembrane concentration gradient of

electrolyte (Im NaCl atcis side and 0. NaCl attrans
_ . side) across the bilayer modified with sufficient syringo-
Time oo mycin E (is side only) to induce a bilayer conductance
sec of 50-1000 pS. The average reversal potential (7 bilay-
Fig. 7. The records of transmembrane current of bilayers containing aers_) was +_i, 3 m\_/' This \,/alue corresponds to weak
few syringomycin E channels before and after the reversal of appliec®NiON selectivity, with a cation transfer number of 0.27
electric field. The concentration of syringomycin &g(side only) in and an anion transfer of 0.73. The most probable expla-
the bathing solution (100 m NaCl, 5 mv MOPS, pH 6.0) with 5  nation for such anion-selectivity would be a positive
p.g/ml. Channel openings are represented by upward deflections atharge (most likely belonging to the protonized amino
positive volt.ages, and by dovynyv_ard deflections at negative voltagesgroups) fixed at the entry of the channel. The sign of
Data were filtered at 30 Hz, digitized at 5 kHz. selectivity is consistent with the occurrence of three pos-

itive charges (two residues of diaminobutyric acid and

mV (Fig. 8). For negative voltages, the conductance ofON€ residue of arginine) and one negative charge (the
large single channels increased with voltage. This in'eSidue of 3-hydroxy-aspartic acid) in the peptide portion
crease in single channel conductance was consistent wifff e syringomycin E moleculesgeFig. 1).

an increase in the macroscopic conductance of bilayers

modified with syringomycin E after the reversal of the

applied voltage from positive to negative. Itis of interest Discussion

that this increase of single channel conductance was volt-

age dependent: from 2-fold on going from +80 to —80

. . Voltage dependency of the macroscopic conductance,
mV to 5-fold on going from +200 to —200 mV (Fig. 5). the single channel conductance, and the kinetics are well-

gﬂégeo?tgﬁgyheargd\;vgie ;?:I:;e;?;hg; T/gﬁ;%iczggecno dngn”tﬁinown phenomena for many channel-formers (Latorre &
) ‘Alvares, 1981). The voltage-dependent anion channels
from 1.6-fold on going from +120 to —120 mV to 2-fold v ) votag P I

. . L f th t b f mitochondria (VDAC), re-
on going from +200 to —200 mV (Fig. 2). This discrep- rom the outer membrane of mitochondria ( ), 1

. . constituted into lipid bilayers, and alamethicin channels
ancy suggests that at h'gh. hegative volt_ages the absolulge 6 well-characterized examples. At the multichan-
rate of inactivation is sufficiently fast either to prevent

) . nel level, the steady-state VDAC-induced conductivity
the co_nductance from rea_chmg th_e maximum value POSfas decreased by nearly half upon increasing transmem-
sible In the absen_ce of Inactivation, or to prevent thebrane voltage from 10 to 50 mV, with a relaxation time
recording of a maximum value with the aperture that we ¢ o0t 10 sec (Colombini et al., 1987). Much higher
used. voltage sensitivity was displayed by alamethicin, which

responded to every 10 mV increment with an approxi-
CATION-ANION SELECTIVITY OF SYRINGOMYCIN mately 10-fold change in its multichannel conductance
E CHANNELS (Vodyanoy, Hall & Balasubramanian, 1983).
We studied the multichannel voltage sensitivity of
The cation-anion selectivity of syringomycin E channelsthe syringomycin-induced conductance using one sided
in DOPS was determined for NaCl. A potential of zero (asymmetric) addition of the antibiotic. Detectable



46 A.M. Feigin et al.: Channel-Forming Activity of Syringomycin E

membrane current developed and increased with timehannel changes from one state to another (Latorre &
after the application of a positive transmembrane voltagélvares, 1981).)
step at the antibioticcfs) side. The reversal of field sign The voltage dependence of (i), the multichannel
induced a steplike doubling of the absolute value of thesteady-state conductance (Fig. 5) (ii), the single channel
membrane current, which was followed by an exponen<conductance (Fig. 8) (iii), the rate of opening of channels
tial decrease of current (Fig. 2). at positive voltages (Fig. 3) and closing them at negative
The steplike character of the increase in membraneoltages (Fig. 4), as well as (iv), the observed abrupt
conductance, after the reversal of transmembrane poteimcrease of single channel conductance after voltage sign
tial, suggests that this increase derives either from stepreversal (Fig. 7) suggest that the change of the trans-
like increases of the conductances of single channelsnembrane field induces a significant rearrangement of
from an increase in the number of channels, or from asyringomycin E channels, including a change in the spac-
synchronization of opening of many channels, without aning of the charged groups that function as voltage sen-
increase in single channel conductance. The experisors.
ments using bilayers containing only a few single chan-  We observed that the conductance induced by sy-
nels demonstrated that a reversal of transmembrane poingomycin E increased with the sixth power of syringo-
tential from positive to negative induced an increase inmycin E concentration. This fact suggests that at least
conductance of single channels in the open state, with aix monomers are needed to form the channel (Finkel-
simultaneous decrease of the number of open channefgein & Holz, 1973; Latorre & Alvares, 1981). The
(Fig. 7). range of active concentrations of syringomycin E (1-40
The response of channels induced by syringomycin.g/ml) is much lower than the critical micelle concen-
E to reversal of transmembrane voltage differs fromtration of this compound (1.25 mg/mipérsonal com-
those of voltage-gated channels induced by other wellmunication,D.C. Gross). Taken together these facts
studied antibiotics and toxins. According to Menestrinasuggest that syringomycin E inserts into the lipid bilayer
et al. (1985) the response to reversal of voltage appliefrom the bathing solution as separate molecules which
across membranes doped with alamethicin is an abrughen aggregate into pore complexes.
disappearance of all current, followed by an exponen-  To explain the unusual voltage-dependent behavior
tial increase in current to a new steady state. An inacti-of syringomycin E-induced channels, we suggest the fol-
vation of membrane conductance after reversal of polarlowing preliminary model. We assume that the channel
ity from positive to negative similar to that observed with is formed by a complex of several (at least, six) mole-
syringomycin E was also observed with the polyene-cules of syringomycin. It is also assumed that the li-
like antibiotic, monazomycin (Heyer, Muller & Finkel- pophilic end of each antibiotic molecule rests in the core
stein, 1976) and the colicins (Wilmsen, Pugsley & Pat-of the bilayer, while the more hydrophilic peptide portion
tus, 1990; Qiu et al., 1994). However, in these latteris disposed close to the hydrophilic surface of the mem-
cases neither the macroscopic conductance of the bilayrane, on that side of the membrane which received the
ers nor the conductance of single channels increased, astibiotic. A positive voltage maintains the antibiotic in-
is observed with syringomycin E-induced channels. Theside the membrane and, simultaneously, opens a low
weak anion-selectivity of syringomycin E channels sug-conductance state of the channel. Reversal of the trans-
gests the occurrence of positive charges (most likely bemembrane field switches the channels to a new state with
longing to protonized amino groups) fixed at the entry of higher conductance, and simultaneously induces disman-
the channel. tling of the channel assemblies by pulling the positively
The rate of increase of conductance with positivecharged antibiotic molecules out of the membrane.
voltage steps and the rate of decrease of conductance In yeast cells, membrane sterols are required for
with negative voltage steps as well as the steady-statmhibition by syringomycin E (Takemoto et al., 1993).
conductance of bilayers modified with syringomycin E How sterols might influence channel formation induced
were exponentially dependent upon the magnitude of théy syringomycin E remains a question for future study.
applied voltage (Figs. 3-5). The exponential growth of
multichannel steady-state conductance with the applie@he authors are very grateful to Drs. Sergey M. Bezrukov and Igor
positive voltage é-fold for every 12 mV) corresponds to Vodyanoy for fruitful discussions and advice in the preparation of this
an effective gating charge of 2.0 (Latorre & Alvares, manuscript. This study was supported in part by National Institutes of
1981; Tosteson & Tosteson, 1984: Hille, 1992)_ This Health grants DC-00356, DC-01838, NSF grant IBN-9003398, and a
observation suggests that several elementary charges g#@nt from the Department of Veterans Affairs.
involved in opening channels at positive potentials. (Itis
impossible to calculate the exact numper of elememar)ﬁeferences
charges, because the effective charge is a product of the
charge translocated and the unknown fraction of thesidwai, A.P., Zhang, L., Bachmann, R.C., Takemoto, J.Y. 1987. Mech-
membrane thickness that the charge travels when the anism of action ofPseudomonas syringgghytotoxin syringomy-



A.M. Feigin et al.: Channel-Forming Activity of Syringomycin E 47

cin. Stimulation of red beet plasma membrane ATPase activity.Qiu, X.Q., Jakes, K.S., Finkelstein, A., Slatin, S.A. 1994. Site-specific

Plant Physiol.83:39-43 biotinylation of colicin la. A probe for protein conformation in the
Bezrukov, S.M., Vodyanoy, |. 1993. Probing alamethicin channels with membraneJ. Biol. Chem269:7483-7488

water-soluble polymers. Effect on conductance of channel statesgegre, A., Bachman, R.C., Ballio, A., Bossa, F., Grgurina, I., lacobellis,

Biophys. J64:16-25 N.S., Marino, G., Pucci, P., Simmaco, M., Takemoto, J.Y. 1989.

Colombini, M., Yeung, C.L., Tung, J., Konig, T. 1987. The mitochon-  The structure of syringomycins Al, E, and BEBS Lett25527—
drial outer membrane channel, VDAC, is regulated by a synthetic 31

polyanion.Biochim. Biophys. Acte005:279-286
Finkelstein, A., Holz, R. 1973. Aqueous pores created in thin lipid
bilayers by the polyene antibiotic nystatin and amphotericitnB.

Sinden, S.L., DeVay, J.E., Backman, P.A. 1971. Properties of syrin-
gomycin, a wide spectrum antibiotic and phytotoxin produced by

Memb G Ei di Vol. 2 377-408. Dekk Pseudomonas syringaand its role in the bacterial canker disease
N:VTJSR(GS’ - Eisenman, editor. Vol. 2, pp. - DEKKET, 4 peach treesPhysiol. Plant Pathol1:199-213

Fukuchi, N., Isogai, A., Nakayama, J., Takayama, S., Yamashita STakemoto,J.Y. 1992. Bacterial phytotoxin syringomycin and its inter-
Suya’ma” K Tai(er.T;oto 3 Suz‘uki”A 1992 St’ruc.:;ure and ste’reo.-’ action with host membranedn: Molecular Signals in Plant-
chemistry of three phytotoxins, syringomycin, syringotoxin and Microbe Communications. D.P.S. Verma, (Editor) pp. 247-260.

syringostatin, produced byseudomonas syringg®. syringae. J. CRC Press, Boca Raton

Chem. Soc. Perkin Tran4:1149-1157 Takemoto, J.Y., Yu, Y., Stock, S.D., Miyakawa, T. 1993. Yeast genes

Gross, D.C., DeVay, J.E. 1977. Role of syringomycin in hole spot of  involved in growth inhibition byPseudomonas syringae. syrin-
maize and systemic necrosis of cowpea causegdsudomonas gaesyringomycin family lipodepsipeptideSEMS Microbiol. Lett.
syringae. Physiol. Plant Pathol1:1-11 114:339-342

Gross, D.C., DeVay, J.E., Stadman, F. 1977. Chemical properties oTeeter, J.H., Brand, J.G., Kumazawa, T. 1990. A stimulus-activated
syringomycin and syringotoxin; toxigenic peptides produced by  conductance in isolated taste epithelial membramésphys. J.
Pseudomonas syringae. J. Appl. Bacteré:453-46 58:253-259

Heyer, E.J., Muller, R.U., Finkelstein, A. 1976. Inactivation of mona- Tosteson, M.T., Tosteson, D.C. 1984. Activation and inactivation of
zomycin-induced voltage-dependent conductance in thin lipid  melittin channelsBiophys. J45:112-114

membranes. 1. Inactivation produc_ed by monazomycin tranSport\/odyanoy, I., Hall, J.E., Balasubramanian, T.M. 1983. Alamethicin-
. through ‘the membrang. ng. Physiol67.731-748 . induced current-voltage curve asymmetry in lipid bilay&isphys.
Hille, B. lonic channels of excitable membranes. 1992. Sinauer Asso- 3. 42:71-82

ciates, Sunderland, MA i H.U. Puasley. AP. P F. 1990. Colicin N f |
Latorre, R., Alvares, O. 1981. Voltage-dependent channels in planaWI msen, 1.1, Fugsiey, AF., attu;, y - ~oicin ¥ forms vo t

lipid bilayer membraneshysiol Rev61:77-150 age-and pH-dependent channels in planar lipid bilayer membranes.
Menestrina, G., Voges, K.P., Jung, G., Boheim, G. 1985. Voltage- Eur. Biophys. J18:149-158 ] i

dependent channel formation by rods of helical peptidesem- Zhang, L., Takemoto, J.Y. 1986. Mechanism of actio®Pséudomonas

brane Biol.93:111-132 syringae phytotoxin, syringomycin. Interactions with the plasma
Montal, M., Mueller, P. 1972. Formation of bimolecular membranes ~ Membrane of wild-type and respiratory-deficient strainSaécha-

from lipid monolayers and study of their electrical propertesc. romyces cerevisiae. Biochim. Biophys. ABi:201-204

Natl. Acad. Sci. USA&5:3561-3566 Ziegler, W., Pavlovkin, J., Pokorny, J. 1984. Effect of syringotoxin on

Pokorny, J., Ziegler, W. Is the syringotoxin-channel permeable to Pr3+- the permeability of bilayer lipid membraneBiologia (Bratislava),
ions?Biologia (Bratislavg. 39:701-706 39:693-699



