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A 107 kDa hemolysin from Escherichia coli is able to open pores in hpxd By studying its i with
planar phospholipid bilayers we have derived some on the of the pore. We measured

the current-voltage characteristic and the ion selectivity of the channel both in neutral membranes, made of egg
phosphatidylcholine (PC) and in negatively charged membranes, made of a 1: 1 mixture of PC with phosphatidylserine
(PS). Experiments were performed varying both the pH and the salt concentration of the bathing KCl solution. In
neutral membranes the pore is ohmic and its conductance increases almost linearly with the salt concentration. The
channel is cation-selective at high pH but nearly unselective at low pH. We interpret these results in terms of a minimal
model based on clmeal electro-diffusional theories assuming that the pore is wide and bears a negative charge at its

In ining the acidic lipid the t-voltage curve is 1i in such a way to suggest that
the trans (but not the cis) entrance of the pore is affected by the surface p ial of the pplying our model
we find that the trans and cis entrances are Iomed, respectively, abe,t 0.5 em and more lhan 5 nm apart lrom the plane
of the We confirmed the asy position of the - hannel by gestion of p pores.
‘This was effective only when the enzyme was applied on the cis side.

Introdcution ling pore foumation may help in designing effective

strategics against the pathologies caused by this agent.
Furthermore it is now becoming clear that several he-
testinal diseases in humans as infections of the nnnary molysins produced by other Gram-negative bacteria
tract, jia and ingitis, which may (such as the Proteus family [13,14], Morganella morganii
lead to severe forms of ia [1-3]. The i di [13]. Bordetella p. is [15] and P lla haemo-
cause of these diseases is a protein toxin, 107 kDa in Iytica [16]) are closely related to E. coli hemolysin. This

lecular weight, produced and only by viru- protein may therefore be coasidered a prototype for a
lent strains of these bacteria [3 S} Thls is commonly large group of bacterial toxins responsible for
termed a-h J) or simply h widespread diseases in humans and cattle.

E. coli hemolysin has been sequenced by genome In this paper we derive some structural information

Escherichia coli is a frequent cause of such extrain-

decodification [6] and purified in large amounts from
overproducing strains [4,7]. It causes hemolysis of red
blood cells by a colloid osmotic shock due to the
formation of hydrophilic pores in the cell membrane
[8,9]. The properties of this ion-permeable channel can
be conveniently studied in model systems such as planar
phospholipid membranes (10,11}, and small unilamellar
wvesicles {12].

The ki

ledge of the molecul. 3 control-
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on the architecture of the pore formed by E. coli hemo-
lysin by studying its electrical properties (such as selec-
tivity and saturation) in planar lipid membranes.

Materials and Methods

p d E. coli hemolysin (d d by S. Bhakdi)
was kept stored at —20°C and was stable for at least
two months. After reconstitution in pure water its he-
molytic activity was tested on rabbit erythrocytes as
described in Ref. 8 and was usually 1000-2000 hemo-
iytic units/ml (HU/ml). The molar concentration of
the active toxin can be calculated from its hemolytic
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activity using the relation 1 HU/ml=10""" M de-
termined by an ELISA assay (Bhakdi, S., personal
communication).

Planar lipid bilayers were prepared by apposing two
monolayers on a hole (0.2 mm in diameter) punched in
a 12 pm thick Teflon septum which separates two
buffered salt solutions [17]. The hole was pretreated
with n-hexad and the )} were spread
from a 10 mg/ml lipid solution in n-hexane as de-
scribed [10,18). Lipids used were saturated egg phospha-
tidylcholine (PC, by P.L.Biochemicals) either alone or
in a 1:1 mixture with brain phosphatidylserine (PS, by
Calbiochem). Both lipids were more than 99% pure.

E. coli hemolysin was added to only one of the
solutions bathing a preformed stable bilayer (called the
cis compartment). The current flowing through the
membrane, under voltage clamp conditions, was sent to
an I-V converter built around a virtual grounded oper-
ational amplifier (Burr Brown OPA 104C). The cis
compartment was connected to the virtual ground and
voltage signs referred to it. Current is defined as posi-
tive when cations flow into this compartment. The
baseli d of the b did not exceed
50 pS. Ag|AgCl electrodes were used either directly
i d into the el )| lution, or (for the selec-
tivity experiments) via agarose bridges.

The bathing solutions (4 ml on each side) contained
appropriate concentrations of KCl (100 mM if not

420V

Fig. 1. Effects of E. coli hemolysin on the conductance of planar lipid bi

formed in 50 mM KCl, 5 mM Hepes, pH 7.0. 3 HU/ml of

otherwise specified) and 5 mM of one of the following
buffers: CAPS, Tris, Hepes, Mes or acetic acid, used in
this order for pH values ranging from 11 to 4, and
finally adjusted by suitable amounts of HCl or KOH.
The pH was checked at the beginning and at the end of
the experiment and in most cases did not change by
more than 0.1 unit. Experiments were performed at
room temperature.

Results
Single-ch ! properties in neutral b
Addition of small of E. coli h

lysin (2 to
10 HU/ml) to the cis chamber of a voltage-cl d
planar phospholipid membrane produces a current in-
crease in uniform steps (Fig. 1A) which indicates the
formation of ionic channels in the bilayer [10,18]. Pores
which open at negative voltages (appearing as discrete
downward deflections in the first part of the current
trace) become closed again when positive voltages are
applied (stepwards decreases of the current at +20 mV
in the same trace).

Even at a negative voltage of —20 mV a single-chan-
nel transiently opens and closes (Fig. 1B); the time
spent in the open state becomes longer the more nega-
tive the applied potential. A complete study of this
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ilayers. (A) Ionic current induced by E. coli hemolysin in a PC/PS bilayer
were i into the cis

where indicated. Downward

deflections of the current trace, in steps of uniform size, appear approx. 20 seconds after the addition of the toxin. These steps are typically due to
the opening of ionic channels into the membrane. A dashed line indicates zero of current. Changing the potential to +20 mV immediately closes all
the channels. Pores open again at —20 mV and close at +20 mV. (B) Similar conditions as above but only 1 HU/ml of toxin was used and one
single channel was seen for some time opening and closing. In between the closed and the open state (indicated by letters ¢ and o, respectively)
there is a substate of very small conductance and very short lifetime (indicated by arrows), Apparently, the pore always opens and closes via this
substate. (C) Histograms representing the number of events with a given current amplitude observed in current traces like that in part A for
different applied voltages. Mean current values can be obtained in this way which are then used to produce single-channel current-voltage curves.



‘gating’ of the channel, will be presented in a separate
paper [19].

A closer inspection of single-ch: 1 i re-
veals the existance of an extra state in addition to the
open and the closed one, indicated by arrows in the
trace of Fig. 1B. However, the conductance of this state
is so small (less than 10% of the open state conduc-
tance) and its lifetime so short that we have not consid-
ered it further.

From the discrete steps in current traces like that of
Fig. 1A it is possible to derive the current flowing
through the channel in the open state at any applied
voltage and to build up histograms such as that in Fig.
1C.

The average current-voltage (/- V') curve of the single
pore can be calculated from these histograms, Fig. 2A.
In a neutral membrane the current-voltage character-
istic is virtually ohmic (Fig. 2A) at any salt concentra-
tion. The conductance (slope of the I-V curve) is roughly
proportional to the ionic concentration of the KCl
solution (Fig. 2B) with only a slight tendency to in-
crease sublinearly (saturation).

As in the case of other channels [20-22] such non-
linearity suggests the presence of a fixed charge at the
entrance of the pore, modulating the local ion con-
centrations. The strony cation selectivity of the channel
at pH 7.0 (see Fig. 4) implicates that this charge is
negative so that it locally accumulates cations and re-
pels anions.

If this hypothesis is correct we expect that changing
the pH of the solution will modify the charge at the
pore entrance, and hence the conductance of the pore.
This is indeed the ca:: as shown in Fig. 3.

Effects of pH on the conductance and selectivity of the
pore

Single channel current-voltage curves in a neutral
membrane are shown in Fig. 3A, for different values of
pH in a 0.1 M KCI solution. Increasing the pH in-
creases the slope of the I-¥ curve which otherwise
remains linear. The calculated conductance is reported
in Fig. 3B in a titration curve. The nearly linear increase
of the conductance within the pH range 4.5 to 10.5
suggests that chemical groups of widely different nature
contribute to building up the fixed charge of the pore.
pH values outside this interval were not investigated
because E. coli hemolysin failed to form channels into
the membrane.

Another prediction of the fixed- charge hypothesns is
that the cation selectivity of the pore is d d by
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Fig. 2. Current-voltage characteristic of the E. coli hemolysin pore in
neutral membranes. (A) Single-channel current, 7, as a function of the
applied voltage, V., in PC membranes separating symmetrical KCI
solutions. Solutions contained the specified amount of KCl, 1 mM
EDTA and 5 mM Hepes, pH 7.0. Each point is the average +S.D. of
at least 20 values obtained as in Fig. 1A during one experiment. Solid
lines are the predictions of the electrostatic model described in the
text with the parameters listed in Table I1. (B) Single-channel conduc-
tance, G. vs. the concentration of the KCl solutions. G was de-
termined as the slope of a current-voltage curve as in part A. All
points are means:+ S.D. of at least three independent determinations
on different membranes. Solid line is the prediction of the model with
the parameters in Table 11,

axis (Fig. 4) or by finding the potentlal at which no
current flows in \ many ch ]
[10,23]. Reversal voltages (V) obtained by the two
methods always agreed to within a few mV and were

the pH of the solution, because it is due to counterion
condensation on the negative charge. We verified that
this is correct too.

The ion selectivity of the channel was determined in
a 10-fold KCl gradient either by measuring the intersec-
tion of the single-channel I-V curve with the voltage

dent on the pH (Fig. 4B).

At h|gh pH the channel was highly cation selective
(indicated by a large positive value of ¥, close to that
expected for ideal cauon selecuwly) bul al pH 45 1(
became rather 1 (indicated by
to zero). This is clear from the calcnlanon of lhe relative
permeability of K* with respect to Cl~ using to the
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Fig. 3. Electrical propemes of lhe E. coli hemolysm pore at dlﬁerenl
pH values. (A) Singl i as a

function of the pH. PC membranes separated two symmetrical 100
mM KCl solutions buffered at different pH values as specified. The
current-voltage curve is ohmic also in this case. Solid lines are the
predictions of the model presented in the text with the parameters
listed in Table IL. (B) Single-channel conductance, G, vs. the pH of
the KCl solution, G was determined as the slope of an 7-V curve as
in part A. Solid line is the prediction of the model using the parame-
ters in Table I1. Other conditions as in Fig. 2.

Nernst equation [24] as reported in Table I. Within the
pH interval under ideration this ratio changes from
about one at pH 4.6 to about 24 at pH 8.7.

Effect of membrane surface potential on the I~V curve of
the pore

Interestingly we found that when the pores are in-
serted into a negatively charged bilayer (containing 50%
of the acidic lipid PS) the current-voltage characteristic
becomes non-linear (Fig. 5A). A change ir the I-V
curve was not d because the it surface
potential is known to affect the current flowing through
a pore if its entrance is located in close proximity of the
plane of the membrane [25-27].
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Fig. 4. Selectivity of the E. coli hemolysin pore in neutral membranes.
(A) Siny&channcl current-voltage curves obtained in a PC membrane

ical solutions either 500 mM (cis
side) or ﬂD mM (trans side) KCl, buffered as in Fig. 3. I-V curves
extrapolate at a positive voltage (V,.,) indicating a pH-dependent
cation selectivity of the pore. Ideal cation selectivity under these
conditions is indicated by an arrow. Solid lines are the predictions of
the model with the parameters in Table 1. (B) pH dependence of V.,
obtained as in part A (open symbols) or by the method of tail currents
(closed symbols). Solid line is the prediction of the model using the

parameters listed in Table I1. Other conditions as in Fig. 2.

TABLE 1
Effects of pH on the ion selectivity of the E. coli hemolysin pore

The ratio of the potassium permeability, P(K*), over the chloride
permeability, P(C17), has been calculated from the reversal voltage
(see Fig. 4) according to the Nernst equation [24].

pH P(K)/P(CI™)
46102 11101
50401 21402
55+0.1 47405
74101 146£19
87102 243142
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Fig. 5. Current-voliage characteristic of the E. coli hemolysin pore in
ively charged ) 1-V istics in PC/PS
ing two ical solutions ining the

specified amount of KCl, 1 mM EDTA and 5 mM Hepes, pH 7.0. The
current-voltage curve is nonlinear in this case. Solid lines are the
predictions of the model with the parameters in Table 1. (B) Single-
channel conductance, G, vs. the concentration of the KCl solutions. G
was determined as the slope of a current-voltage curve, as in part A,
at either large positive (full symbols) or large negative (open symbols)
applied potentials. Solid line is the same as in Fig. 2B, dashed line was
drawn by eye. Other conditions as in Fig. 2.

Two values of the conductance can be derived in this
case which correspond to the asymptotic slopes of the
I-V curve for large positive and large negative voltages,
respectively (Fig. 5B). We found that the conductance
at negative voltages is virtually the same as in neutral
membranes whereas that at positive voltages is always
larger. The difference becomes smaller as the ionic
strength is increased.

Since the pore is substantially cation selective at
neutral pH (see Table 1), the larger current observed at
positive potentials (when cations flow from the trans to
the cis compartment) indicates that the trans entrance is
located near the surface of the membrane. Here it

i ani d ation of cations due to
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the attractive surface potential of the bilayer. This effect
is expected to decline at high ionic strength (as ob-
served), because of the screening of the surface potential
by counterions.

Also the fact that the current at large negative volt-
ages (when cations flow from the cis to the trans
compartment) is virtually the same in membranes with
widely different surface potentials, indicates that the cis
entrance of the pore is located sufficiently far from the
plane of the membrane not to be influenced by its
surface potential.

These two findings indicate a rather asymmetric dis-
position of the channel into the membrane suggesting
that it protrudes on the cis side (from which the toxin
has inserted into the bilayer) but not on the trans side.

To investigate this particular aspect further, we
studiea the effect of a proteolytic enzyme on mem-
branes treated with the hemolysin. We found that tryp-
sin is able to inactivate the channels when added to the
cis compartment, while it 1s totally ineffective when
added to the opposite side (Fig. 6).

This confirms that a large part of the toxin remains
exposed on the membrane at the cis side, while no
enzyme-sensitive group (essential for channel activity)
protrudes on the opposite side.

Discussion

We now present a model based on well established
electrochemical theories which can account for the elec-
trical properties of the pore formed by E. coli hemo-
lysin. The mode! assumes that all the channels are equat
and independent and that each one is a hollow cylindes
filled with water, with inner radius r and length I
Furthermore the pore has fixed charges at its entrances
and is asymmetrically inserted into the bilayer so that it
protrudes differcntly on e iwo sides of the membrane.

Effects of fixed charges at the pore entrances

The measurable quantity in our experiments is the
current, /, flowing through the channel under different
conditions (Fig. 1). The most general expression for this
current is given by the Goldman-Hodgkin-Huxley
(GHK) equation [24.28,29]:
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where i indicates the contribution of the ionic species
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Fig. 6. Effects of tryptic digestion on the conductance induced by E. coli hemolysin. (A) E. coli hemolysin, 5 HU/ml, was added to a PC

membrane and a continuous square wave was applied (the voltage jumped between —10 mV and +20 mV as indicated in the upper trace). After

some time a dynamic equilibrium was reached, i.e., channel turned on at the negative voltage with a constant rate and turned off at the positive

voltage with a defined time constant. Addition of trypsin, 9 U/ml, on the cis side, indicated by an arrow, produced the total disappearing of the

hemolysin-induced conductance within 3 min. (B) In a similar experiment the conductance induced by 5§ HU/ml of E. coli hemolysin was instead
completely unaffected (for more than 30 min) by the addition of 13 U/ml of trypsin on the trans side.

present, i.e. K* and CI~, r and / the radius and length
of the pore, u; and z; the mobility and valence of the
ion #, C} and C% the bulk concentration of the ion i at
the cis and trans sides, respectively, V' the applied
voltage, 1 and ¢ the local potential at the trans and
cis entrances, k Boltzmann constant, T abolute temper-
ture and e, electronic charge.
For symmetric salt solutions

Cr=Ce=C' (&)

and introducing a constant:

2
g Moz, @
Eqn. 2 reduces to:
—z,e ~zep
e"_Tnh(]—e kT V)
L= AV + =) O ————— (&)

(I —G'WIV-WT—Wc))

which in general gives a non-linear dependence of tii:
current I upon the voltage V.

The linearity of the t-voltage curve in neutral
membranes (Fig. 2A and Fig. 3A) implies that the
potentials at the two entrances of the pore are the same
(within expe:imental resolution), that is:

Yr=dc=y ©)
Accordingly we obtain:

—xe

i
L=4-Clve ¥ @

If ¢ were zero the conductance of the pore (G=1/V)
whould increase linearly with the concentration of the
salt, but we have observed that this is not the case (Fig.
2B). Furthermore since the pore is cation selective
I(K*)>I(C1") and we have to assume that  is nega-
tive from Eqn. 7.

A least-squares fitting of Eqn. 7 to the experimental
curves of Fig. 2A allows us to estimate y as a function



of the salt concentration as reported in Fig. 7A. ¢ is
large at low ionic strength but decreases at high con-
centrations. This is what one should expect because the
potential generated by fixed chasges is screened by the
counterions at high ionic strength.

A theoretical expression for ¥ may be derived as
described by Nelson and McQuarrie [30]. For a sym-
metric distribution of point charges (total charge being
Q) located around the entrance of a pore of radius r the
result is simply:

=20 X
Y= Tree 7 @
with:
Noe}
2 0¢0 2
x ——,r,uk,.zljc,zl ©

where e,g, is the dielectric constant of water and N, is
Avogadro’s number.

This expression is similar to the Debye-Hiickel
potential (in fact x is the Debye-Hiickel coefficient)
generated by a single point charge in an electrolyte
solution [31,32], except for a factor of two multiplying
the charge. This is due to the fact that in our case the
fixed charges are located at the boundary between a
medium of low dielectric constant (the protein in the
membrane) and one of high dielectric constant (the
water solution) instead of being immersed in the latter.

It is advisable to introduce the usual correction into
Eqn. 8 to take into account the finite dimensions of the
counterions:

ext
¥= %W (10)

where 8 is a typical length which for a KCl solution
may be assumed to be 0.36 nm [31,32].
A least-squares fitting of Eqn. 10 to the experi 1
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This is exactly what we have observed, Fig. 3. In
general we may assume that the fixed charge depends
on the pH of the solution according to:

=Y Q[’] an
] ”T,

where [H] is the concentration of protons and Q; is the
amount of fixed charge for which protons have a dis-
sociation constant K.

Using Eqns. 7-11 it is possible to predict the depen-
dence of the single-chonnel conductance on the pH of
the solution, Fig. 3. A reazonable fit requires the use of
three chemically different charges with distinct pK val-
ues, as reported in Table I1.

Despite the fact that the effective pK of charged side
chains on amino acid residues belonging to long poly-
peptide chains may be shifted more than one unit up or
down compared to that of the pure amino acid in
solution (because of the local environment, [34,35]), it is
tempting to speculate that Q, is due to carboxyl groups

acidic resicdues (aspartate or glutamate), Q, is due to
a histidine and 9, to a lysine.

It is evident from inspection of Eqns. 7-10 that in
the present model the cation selectivity of the channel is
a direct consequence of the fact that the fixed charge is
negative, which makes f{K") large and I{(C17) small.
Thus we expect that changing the fixed charge (e.g. by
varying the pH) would also change the selectivity of the
pore.

This is precisely what we have found in experiments
in which a 10-fold KCl gradient was established across

TABLE Il
Geometrical and chemical parameters definizg the E. coli hemolysin pore

List of the best fit parameters used in the electrostatic model to
describe the experiments in Figs. 2-5 and Fig. 7.

points of Fig. 7A allows us to calculate the total fixed
charge on the entrance of the pore at pH 7.0 as —1.15
eo. The estimated cross sectional area of the pore is
about 10-times that of a gramicidin channel and 4-times
that of the acetylcholine-receptor channel {33]. This
prevents the flowing ions from interacting strongly with
the walls of the pore and thus justifies the use of a
simple diffusional model in our case.

Fixed charges on proteins are due to the presence of
acidic and basic side chains on their amino acid re-
sidues. As such the total charge depends on the pH of
the solution and in particular it is expected to become
more negative at high pH and less negative at low pH.
According to our model a larger value of the negative
charge implies a larger entrance potential (Eqns. 8-10)
and hence a larger current through the pore (Eqn. 7).

Definition Symbol Value Units
Geometrical dimensions of the pore
inner radius r 06 0.1 am
outer radius * R 35 +02 nm
length 1 12 +1 nm
distance trans entrance X7 05 $01 nm
distance cis entrance xc 25 am
‘Chemical groups on the pore mouths
o 085£010 eu®
Charge Q. 025+005 ea
\Qs 3.20£005  eu.
Cologarithm of K, 53 +01
dissociation { K, 73 101
constant pK; 92 0.1

® Determined from the molecular weight of the toxin assuming a
relative density of 0.8 for a protein.
® e.u., electronic units.
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Fig. 7. Entrance potentials at the pore mouths. (A) Entrance potential at either of the two pore mouths was obtained by a least-squares adaptation
of Eqn. 7 to the experimental points of Fig, 2, assuming for / a value ranging from 12 to 13 nm, which apply to the thickness of a lipid bilayer plus
the distances of the two entraces of the pore from the plane of the membrane, Solid line is the prediction of Eqn. 10 of the model using the
parameters listed in Table 1I. A pore diameter of 1.1-1.3 nm can be evaluated, which is not far from the evaluation of 2-3 nm derived from the
study of the release of markers from erythrocytes {8]. (B) Entrance potentials at each of the two mouths of the pore when this is inserted into a
negatively charged (PC/PS) membrane. 1 (full points) and y¢ (open points) were obtained by a least squares fitting of Eqn. 5 (with the same
fixed parameters as in part A) to the experiments of Fig. 5. Solid line is the same as in part A, i.e., ¥ obtained in neutral membranes. (C)
Contribution of the mzmbmne surface potential ¢ to the entrance potential at the trans mouth (full symbols) or at the cis mouth (open symbols). ¢
was calculated ¥, as ined in part A, from ¢ and ¥ determined in part B. Solid lines are the predictions of the GCS equation
{26,36] using the pertinent values for the surface charge of the PC/PS membrane [26,36,37) and the two mouth distances given in Table 11, (D)
Sketch of the pore with the definition of the geometrical parameters whose best fit values are given in Table 1L The thick solid line is the effective
potential profile, Y, seen by the ions moving through the pore resulting from the sum of three components: the applied potential, ¥ (dashed line),
the membrane potential ¢ (dashed-dotted line) and the pore potential § due to the fixed charges (dotted line).

the channel. Current-voltage curves in such asymmetri- which are reported in Table II. These predictions are
cal conditions can be calculated, according to our model, shown in Fig. 4A as solid lines for different values of
by means of the more general Eqn. 2 with the condition the pH. We feel that the fit between experimental points

6 and the parameters already determined from experi- and theoretical expectations is quite good especially
ments in the symmetric salt solutions (Figs. 2 and 3) since there is no adjustable parameter in this plot.



The following expression for V,
from Eqn. 2 setting /=0:

ey May be derived
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The prediction of Eqn. 12, using the parameters
listed in Table II, is shown in Fig. 4B and compared
with the experimental values determined either as in
Fig. 4A (from single-channel experiments) or by the
method of Ref. 23 (from many-channel experiments).
The agreement is rather gaod and again we wish to

hasise that no adj p was present in

thi.s plot.

These findings demonstrate that our model can pre-
dict the results of experiments completely different from
those used to derive it.

Effects of membrane surface potential

When E. coli hemolysin pores are inserted into a

negallvely charged membrane their current-voltage

ical, Fig. 5. This indi-
cates that Y, and ¢ are different in this case and
hence that Eqn. 5 should be used to calculate the
current flowing through the channel.

A least-squares fitting of Eqn. 5 to the experimental
points of Fig. 5A allows us to derive the values of Y
and ¢ for a negatively charged membrane as a func-
tion of the salt concentration. The results are shown in
Fig. 7B; v virtually coincides with ¢ as determined in
neutral memhranes, whereas ¢ is consnderably larger.

The simpl pretation of these findings [25-27)
is that the surface potential of the membrane does add,
at the two entrances of the pore, to the potential gener-
ated by the pore itself.

We will call ¢(x) the surface potential, with x indi-
cating the distance from the plane of the b at

17

We want to stress that these values are merely indica-
tive because of the several assumptions we had to make
in order to apply such general expressions as the GHK
and GCS equations to a problem like a protein pore.
Nevertheless we are confident that our main conclusion
is correct; the two entrances of the pore are indeed
located one near and one far from the plane of the

b This il is corrob d by tke di-
gestion experiment shown in Fig. 6 and also by pre-
liminary experiments with monoclonal antibodies which
can modify the channel when added from the cis but
not from the trans side (Ropele, M., unpublished result).
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