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Summary. Staphylococcus aureus o-toxin opens an ion channel
in planar phospholipid bilayers which is selective for anions
over cations, supposedly because of the presence of positively
charged groups along the ion pathway. To remove some positive
charges of this protein toxin, we chemically modified part of its
lysine residues either with diethylpyrocarbonate, followed by
histidine regeneration with hydroxylamine, or with trinitroben-
zenesulfonic acid. The extent of chemical modification can be
followed accurately by native polyacrylamide gel electrophore-
sis and isoelectric focusing. Ethoxyformilation of two to three
lysine residues per toxin monomer does not impair hemolysis
of rabbit red blood cells nor formation of pores in model
membranes. It reduces the conductance and the anion selectiv-
ity of the channel and changes the shape of its current-voltage
characteristic. This indicates that positively charged lysine
residues are actually important in determining the electrical
properties of the pore. Ethoxyformilation of channels pre-
assembled in planar bilayers produces the same changes as
modification of toxin monomers before channel formation.
Furthermore, it can be performed by adding diethylpyrocarbo-
nate on either side of the bilayer. This suggests that the lysine
residues relevant for the electrical properties of the pore are
located inside its lumen where they can be reached by diethyl-
pyrocarbonate diffusing from either entrance of the channel.

Key Words a-toxin - pore formation - ion selectivity - lysine
modification - diethylpyrocarbonate - trinitrobenzenesulfonic
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Introduction

a-toxin is a cytolytic exotoxin secreted by virulent
strains of Staphylococcus aureus as a single water-
soluble 33 kDa polypeptide with pl around 8.4 [7,
10, 31]. It causes hemolysis of red blood celis and
damages a variety of other cells by forming an am-
phiphilic hexamer that inserts into the cell mem-
brane and generates a hydrophilic pore [7, 10, 11,
30-32].

Nucleated cells can survive the action of the
toxin under favorable conditions [3]. For this reason
and because the cutoff of the a-toxin pore is rela-
tively small (at a molecular weight between 2000 and
4000, corresponding to a diameter of about 2 nm [6,
11]), this protein toxin has been widely used in the
last few years as a means to make cells permeable
to ions and small molecules but not to cytosolic
proteins and enzymes [1, 2, 17, 21].

From this point of view and, more in general, to
understanding the molecular basis of the damage
caused by this toxin, a detailed knowledge of the
structure and permeability properties of the toxin-
pore is desirable. Though several models of the
channel structure have been presented [18, 31, 32]
up to now, they are still entirely speculative and
await for more experimental data.

We have shown recently that the ionic transport
properties of the pore formed by «-toxin can be
conveniently studied in a very simple system such
as the planar lipid membrane [3, 23, 24]. In these
model membranes we demonstrated that the aggre-
gation of several toxin monomers is required for the
formation of one pore [4]. We found that the pore
has an average diameter of 1.1 * 0.1 nm, is water
filled and slightly anion selective [4, 23]. The selec-
tivity increases at low pH, suggesting that it is due
to the presence of charged amino acid residues on
the pore, conferring an overall positive charge to its
interior.

Natural candidates to provide this charge are
lysine and arginine residues because they are posi-
tively charged at neutral pH and very hydrophilic.
Futhermore, they are generally located on the
outer surface of globular proteins [19] and hence
are likely to line also the hydrophilic interior of
the pore.

To test this hypothesis we have modified some
of the a-toxin lysine residues with two agents,
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DEPC' and TNBS, which both remove the positive
charge of the amino group, and we have investigated
the effect on the permeability properties of the chan-
nel. Effects of arginine modification could not be
studied because this modification inactivates the
toxin [14].

Materials and Methods

ToxIN AND OTHER REAGENTS

Liophilyzed a-toxin from Staphylococcus aureus {(kindly pro-
vided by Dr. K. Hungerer, Behring, Marburg, FRG) was
reconstituted in 10 mm KH,PO,, 125 mmM NaCl, 0.2 mM EDTA
at pH 6.5 (called Buffer A) shortly before use. TNBS was
obtained through Sigma; sources of all the other reagents are
as in [27].

ETHOXYFORMILATION OF a-TOXIN

DEPC modification of histidines and primary amines as well as
reconstitution of imidazoles with hydroxylamine [25] were per-
formed exactly as described in [27]. The average number of histi-
dine residues modified per toxin monomer, before and after hy-
droxilamine treatment, was determined spectrophotometrically
as described in [27].

TRINITROPHENYLATION OF a-TOXIN

TNBS was used to modify a-toxin primary amines according to
a standard procedure [22]. Briefly, 61 or 228 um TNBS was
mixed with 10 uM e-toxin in a solution (hereafter called Buffer B)
containing one part of NaHCO; 4% (wt:vol) and two parts of
Buffer A, final pH 8.1. After one hour stirring at 20°C (in the dark}
the reaction was stopped by adding 20 mm NH,OH, and the
sample was immediately dialyzed against Buffer B plus 20 mm
NH,OH for 6 hr at 4°C and for an additional 12 hr against Buffer
B alone. Thereafter the number of modified lysine residues was
determined at 345 nm using the known molar extinction coeffi-
cient of 1.45 x 10*M~'em™' [22].

AssAY OF ToXIN HEXAMERIZATION ON
LiriD VESICLES

Small unilamellar vesicles (SUV) composed of egg PtdCho and
cholesterol (molar ratio 1 1) were prepared as described [9, 27].
Toxin oligomerization onto lipid vesicles was assayed as follows:
100 ! of vesicles (2 mg/ml of lipid) were mixed with 150 ul of a-
toxin (1 mg/ml in Buffer A) and incubated 1 hr at 37°C. Unbound
toxin (mol wt 33 kDa) was removed by washing the vesicles over
Amicon filters YMT100 (cut off at mol wt 100 kDa) as described

I Abbreviations: DEPC, diethylpyrocarbonate; TNBS, trini-
trobenzenesulfonic acid: 1EF, isoelectric focusing; PtdCho, phos-
phatidylcholine, POPtdCho, palmitoyl-oleoyl-phosphatidyl-cho-
line; DPhPtdCho, diphytanoyl-phosphatidylcholine; SUV, small
ugilamellar vesicles; TLC, thin-layer chromatography; SDS, so-
dium dodecy! sulfate; Triton X-100, octylphenoxy polyethoxy
ethanol.

L. Cescatti et al.: Lysil Modification of a Toxin Channel

127]. The final retentate was analyzed by SDS gel electrophoresis
as specified below.

PREPARATION OF PLANAR LIPID BILAYERS

Planar lipid bilayer membranes composed of either POPtdCho or
DPhPtdCho and separating two aqueous solutions (4 ml on each
side) containing buffer A if not otherwise specified were prepared
exactly as in (27].

The ionic current flowing through the membrane, under volt-
age-clamp conditions, was converted to voltage by a virtual
grounded operational amplifier (Analog Devices ADS15K) with a
feed-back parallel of 100 MQ and 10 pF. Ag-AgCl electrodes were
used either directly immersed into the electrolyte solution or (for
the selectivity experiments) connected to it via agarose bridges
saturated with 2 M NaCl.

S. anreus a-toxin was added on one side only (termed cis)
of a preformed stable bilayer of low conductance. Voltage and
current directions are defined as in [27]. Experiments were per-
formed at room temperature.

MODIFICATION OF PORES PREFORMED ON
PLANAR BILAYERS

Preformed pores were modified by DEPC directly on the planar
bilayer. To do this the membrane was first exposed to native a-
toxin (at a concentration of 510 ug/ml for the case of POPtdCho
membranes or 0.25 ug/ml for the case of DPhPtdCho membranes)
and the pores were allowed to insert. When a steady state was
reached with a very small pore-formation rate (usually after 30 to
50 min) DEPC was added on one side of the membrane (either
c¢is or trans) at the concentration specified in the text. Thereafter
the electrical properties of the population of pores did change
with time and got stabilized after about 12 to 15 min. Selectivity
and rectification given in the text were measured under these final
conditions.

The pH of the compartment where DEPC was added was
determined at the end of the experiment and was usually found
to be 0.2-0.3 pH units more acidic than the starting value, pH 6.5
(in no case was the final value less than 6.0). Control experiments
did show that similar changes in pH alone can by no means
account for the observed effects on the channel properties.

ELECTROPHORESIS

All the electrophoresis were performed with a semi-automatic
unit (PhastSystem by Pharmacia) according to the procedures
suggested by the purchaser. For SDS-PAGE we used precast
minigels (Pharmacia) with polyacrylamide density gradients
10-15% or 8—25% as specified; other conditions were as in [27].

In native-PAGE, proteins were separated in an SDS-free
buffer at pH 8.8 and hence migrated according to their intrinsic
et charge [16]. Minigels with linear gradients 8-25% were used
and the run was performed at 10°C.

For isoelectric focusing (1IEF) homogeneus 5% polyacryl-
amide gels containing ampholytes (Pharmacia) were used. A pH
gradient from 3 to 9 was established across the gel by a pre-run.
Samples were then applied in the middle of the gel. The pH
gradient on the gel was mapped by running standard proteins with
different pl (Pharmacia Broad pl Calibration Kit).
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Gel staining and densitometric evaluation were performed
as in [27].

Results and Discussion

CHARACTERIZATION OF LysyL MODIFICATION
OF a-ToxIN

DEPC mainly reacts with the amino and imidazole
groups of proteins [22]. We have shown elsewhere
[27] that all three histidines of a-toxin can be modified
by DEPC and that this modification is reversed by
hydroxylamine. We found that in the case of a-toxin
modification of primary amines on lysine residues oc-
curs together with histidine modification. This is not
surprising because lysine residues, in spite of being
less reactive, are present in a much larger proportion
than histidines (28 Lys against 3 His) [12].

Modification of lysyl residues becomes apparent
when the native and the modified toxin are electro-
phoresed under nondenaturing conditions at pH 8.8
(Fig. 1). In fact, ethoxyformilation changes the net
electrical charge of the protein at any pH below the
pK of the lysine e-amino group (which is around 10)
by removing its positive charge [22, 25]. Accord-
ingly, though SDS-PAGE shows no change in the
molecular weight of the modified toxin monomer
(Fig. 1A), native-PAGE at pH 8.8 reveals the split-
ting of the main toxin band into an increasingly large
number of bands with increasing DEPC modification
(Fig. 1B). All these new bands are displaced towards
the anodic side of the gel.

Since in native-PAGE proteins with the same
molecular weight migrate at different rates depend-
ing on their intrinsic electrical charge, the presence
of faster bands in the modified toxin indicates that
these molecules became more negatively charged,
as expected from the neutralization of the positive
charges on the lysine residues. As shown by
Creighton [16] this technique provides an effective
way of counting the number of modified residues
per toxin molecule. In fact (as we show in Fig. 2),
the spacing of the bands is such to suggest that
they each differ from the preceding one by addition
of the same discrete charge to the molecule, i.e.,
by modification of one single amino acid residue.

A contribution of histidine modification to this
pattern can be ruled out because it does not change
the electrical charge of the protein at pH 8.8, since
at this pH the histidine is uncharged. Consistently
we found that the pattern of bands is unaffected by
exposure of the treated toxin to hydroxylamine (Fig.
1), which removes DEPC from imidazole [27] but
not from the lysyl e-amino group [22, 25]. Further
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confirming this interpretation, we found that modi-
fication with low concentrations of the specific lysine
modifier TNBS [22] produces the same pattern in
native-PAGE (Figs. | and 2).

Complementary information can be obtained by
isoelectric-focusing the toxin (Fig. 3). Unmodified
toxin gives a major band of pI around 8.3, as ex-
pected [10], whereas both DEPC- and TNBS-modi-
fied samples present a number of additional bands
shifted towards lower values of pl. We assume (by
comparison with Fig. 2) that each band differs from
the preceding one by the modification of one addi-
tional amino acid residue. Careful observation
shows that major bands are often degenerated into
multiplets, indicating that modification does not al-
ways simultaneously affect the same residues on all
the toxin molecules [16]. Also in this case hydroxyl-
amine treatment of the DEPC-modified samples
does not change the pattern of the major bands, but
it produces a rearrangement within the minor bands
forming a multiplet if the multiplet is located in a
region of pl = 6.5. This is most probably due to the
regeneration of histidine residues, which are charged
at this pH unless they are ethoxyformilated. The
finding suggests that histidine modification may (to
some extent) be detected by 1EF.

Both DEPC modification followed by NH,OH
reconstitution, and TNBS modification, produce
toxin monomers with modified lysine residues. The
relative concentration of unmodified, single-modi-
fied, double-modified, etc., monomers can be esti-
mated by scanning densitometry of the pertinent
native-PAGE or IEF gels. The average number of
lysine residues modified per toxin monomer (calfed
m) can be calculated from these concentrations ac-
cording to

m=2jc/Z ¢ (1)

where j is the number of lysine residues modified in
each band (i.e., zero in the first, one in the second,
etc.), and ¢; is the concentration (or density) of that
band. In the case of TNBS-modified toxin the value
of m determined in this way agreed within = 20%
with the average number of lysine residues modified,
measured spectrophotometrically.

In principle, samples obtained with both modi-
fication methods may be used to investigate the role
of positively charged residues on the interaction of
the toxin with model membranes. However, when
the hemolytic activity of these samples is tested on
rabbit erythrocytes (as described in [27]) we found
that DEPC-modified NH,OH-reconstituted a-toxin
is fully active [27], whereas TNBS-modified toxin
has a decreased hemolytic activity (fourfold and
eightfold decrease with TNBS concentrations 61 and
228 uM, corresponding to m = 1.5 and m = 2.5,
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Fig. 1. Lysine modification of a-toxin with
DEPC and TNBS. Upper panel: SDS-PAGE
of a-toxin samples. Lanes « and f, native

toxin; lanes b and ¢, toxin modified with 0.06
mMm or 0.04 mm DEPC, respectively; lanes d

NATIVE-PAGE

. and ¢, same samples as lanes b and ¢ but

after NH,OH treatment; lanes g and A, toxin
modified with (.06 mMm or 0.2 mMm TNBS, respec-
tively. Lanes « to ¢ were stained with
Coomassie blue; lanes fto h were silver
stained. Protein concentration was (.74 mg/mi
in lanes « 10 ¢ and 0.25 mg/mi in lanes f10 /.
Open arrowheads point at the position of
standard proteins of different mol wt, full
arrowheads extrapolate the positions of mol
wt 33 kDa corresponding to toxin monomers.
Lower panet: Native-PAGE of the same

samples as in the upper panel and in the same

order. Lanes a to ¢ were stained with
Coomassie blue (protein concentration was 1
mg/ml); lanes fto & were silver stained
{protein concentration was 0.33 mg/mi). The
direction of the electric field applied is

respectively). Thus it appears that the DEPC-
NH,OH procedure is to be preferred.

Similarly, the effects of arginine modification
(which we performed by hydroxyphenylglioxal or
succinic anhydride) on the channel properties could
not be studied because this modification inactivated
the toxin, as reported also by others [14].

EFFECT OF LYSYL-MODIFICATION ON THE
ELECTROPHORETIC BEHAVIOR OF
a-ToxiN HEXAMERS

When a-toxin is incubated with PtdCho/cholesterol
(1 : 1) lipid vesicles, a characteristic hexameric ag-
gregate appears on their surface which is responsi-
ble for an increased membrane permeability [9,
11]. The presence of the aggregate is evidenced by
SDS-PAGE of these vesicles (incubated 1 hr at
37°C and washed free of unbound toxin by a
microseparation system as described by Pederzolli

indicated in both panels

et al. {27]). It appears that most of the toxin runs
in the gel as a 200-kDa aggregate, i.e., a hexamer
(Fig. 4).

Lysyl modification performed either with mild
TNBS-treatment or with the DEPC-NH,OH treat-
ment does not impair the ability of the toxin
to form the hexamer as it does not reduce its
permeabilizing effect revealed by the release of
internally trapped markers (data not shown). How-
ever, lysyl-modified hexamers run slightly faster
than controls (an effect probably related to the
altered electrical charge of the molecule) and in a
broader band, possibly because of an heteroge-
neous number of modified lysine residues (Fig. 4).

Interestingly, when toxin hexamers preformed
on lipid vesicles are treated similarly with DEPC
{a procedure which we have found to modify at
most one histidine per monomer [27]) an aggregate
is produced with the same electrophoretic proper-
ties as the one assembled starting from lysyl-
modified monomers (Fig. 4). This demonstrates
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Fig. 2. Effect of lysyt modification on the
electrical charge of a-toxin. {(A) Densitometry
of native-PAGE (the example shows lane ¢ of
the lower panel in Fig. 1) allows
independently calculating the position and the
relative protein content of each band. Bands
are labeled with the index j which gives the
number of lysine residues modified per toxin
monomer. Density is given in absorption
units, The asterisk marks the interface with
the stacking gel. (B and C) Half-logarithmic
plots of the relative mobility R, (i.e., distance
of the band/distance of the front end) of a-
toxin in native-PAGE uvs. its negative charge
Z in modulus. (8) DEPC-modified-NH,OH-re-
constituted a-toxin; (C) TNBS-modified a-
toxin. The charge (expressed in arbitrary
units) was attributed assuming that each band
differs from the preceding one by the addition
of one discrete unit of charge. Different
values of Z, (the charge of the native toxin at
pH 8.8) were used. Points with the same Z,
are connected by lines. Both plots are linear if
one assumes that Z, is three arbitrary units
(solid lines)

Fig. 3. Effect of lysine modification on the
isoelectric point of a-toxin. IEF of a-toxin
samples on 5% polyacrylamide gels: lanes «
and f'native toxin; lanes b and ¢, toxin
modified with 0.06 mM or 0.4 mm DEPC, respec-
tively; lanes o and ¢, same samples as lanes b
and ¢ but after NH,OH treatment: lanes ¢ and
K. toxin modified with 0.06 or 0.2 mM TNBS,
respectively. Lanes ¢ and ¢ were stained with
Coomassie blue (protein concentration was
0.66 mg/ml); lanes f to /i were silver stained
(protein concentration was 0.33 mg/ml). Open
arrowheads point at the position of standard
proteins with known pl, filled arrowheads ex-
trapolate the pl of native a-toxin. An asterisk
marks the position where the samples were
applied to the gel; in lanes g and h part of the
protein failed to migrate, probably because of
partial denaturation due to TNBS treatment
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Fig. 4. Effects of lysyl modification on the electrophoretic behav-
ior of a-toxin hexamers formed on lipid vesicles. SUV composed
of PtdCho/cholesterol in a | : | molar ratio were exposed to the
action of a fixed amount of either native a-toxin (fanes «, ¢ and
¢), or DEPC-modified NH.OH-reconstituted a-toxin (lane ) or
TNBS-modified a-toxin (lane d). After | hr incubation at 37°C the
vesicles were separated from unbound toxin by filtration over
Amicon filters (cut-off at mol wt 100 kDa) and the content in
bound e-toxin of the retentate was assayed by SDS gel electro-
phoresis. In lane f vesicles incubated with native a-toxin were
subsequently treated with 1.85 mm DEPC. Toxin concentration
during incubation was 0.60 mg/ml in lanes ¢ and b, 0.14 mg/ml in
fanes ¢ and d and 0.43 mg/m| in lanes ¢ and f. The concentration
of a-toxin applied to the gel was 0.41 mg/ml in lanes « and b, 0.09
mg/ml in lanes ¢ and d and 0.29 mg/mi in lanes ¢ and f. Gels used
were linear polyacrylamide gradients ranging 10-15% (lanes « to
d) or 8-25% (lanes ¢ and ). Lanes ¢ and d were silver stained; all
the other were stained by Coomassie blue. The position of mol
wit 33 kDa (corresponding to toxin monomers) and 200 kDa (corre-
sponding to toxin hexamers) are indicated by filled and open
arrowheads, respectively. They were extrapolated by comparison
with the position of standard proteins as in Fig. |

that a number of lysine residues are still accessible
to DEPC modification even after the hexamer is
assembled in the lipid membrane.

EFFECT OF LYSYL-MODIFICATION ON THE
ELECTRICAL PROPERTIES OF a-ToxiN CHANNELS

a-toxin forms ijonic channels in PtdCho planar lipid
bilayers when introduced into the bathing solution.
Opening of one pore is revealed by a sudden increase
of the ionic current flowing through the bilayer when

[.. Cescatti et al.: Lysil Maodification of a Toxin Channel

the voltage is clamped at +40 mV (Fig. 54). A
number of such current jumps may be used to build
up a histogram relating the number of events ob-
served with their conductance (Fig. 54). From this
histogram the average conductance of the pore can
be calculated. Ethoxyformilation of the toxin de-
creases such conductance (trace b). This effect is
not reversible by NH,OH, suggesting that it is due
to lysine modification (trace c).

The dependence of the pore conductance on the
mean number of lysine residues modified per toxin
monomer (determined by means of Eq. (1)) is shown
in Fig. 5B together with the theoretical predictions
of a model which will be later described in detail.
This model is based on a few simple considerations:
(i) a change in the pore conductance after lysine
neutralization was expected because the conduc-
tance of an ion channel is largely determined by the
charged amino acid residues lining its inner surface;
(i1) being anion selective at pH 7.0 (se¢e¢ Fig. 6) the
a-toxin pore is conceivably lined by positive charges
which attract anions and repel cations; (iii) lysine
residues most probably contribute to this charge be-
cause they are usually located at the hydrophilic
surface of proteins; (iv) ethoxyformilation of a few
such residues per toxin monomer would be enough
to decrease the attraction for anions (chloride in this
case) and hence also the conductance of the pore.

According to these considerations the selectiv-
ity of the channel should also change when the posi-
tive charge is removed from the lysine residues. To
test this, we measured the reversal voltage (i.e., the
voltage at which the net current flowing through the
channel is zero) when membranes containing a large
number of toxin pores separate a tenfold concentra-
tion gradient of NaCl (Fig. 6A4). From the reversal
voltage, V,,,, it is possible to derive the ratio be-
tween the permeability of chloride and that of so-
dium (P(CI)/P(Na)) using the Nernst-Planck equa-
tion [29]. We found that indeed ethoxyformilation of
a-toxin decreases the magnitude of V,,, and hence
the anion selectivity of the pore (Fig. 6A). This effect
is resistant to NH,OH treatment, implying that it is
independent from histidine modification. The depen-
dence of the permeability ratio P(Cl)/P(Na) on the
mean number of lysine residues modified per toxin
monomer is shown in Fig. 68 and is correctly pre-
dicted by our model.

It is worth noting that also in the case of some
porins it was shown that lysine residues are essential
in determining the selectivity and the conductance
of the channel |5, 13].

The peculiar role of lysine groups in the pore
properties is confirmed by the analysis of its current-
voltage (I-V) characteristic (Fig. 7). As originally
shown by Menestrina [23] the [-V curve of native
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Fig. 5. Conductance of the channel formed by native and lysyi-
modified a-toxin in planar lipid membranes. (4) POPtdCho mem-
branes were exposed to a-toxin either native (trace «), or DEPC
treated (trace b), or the same but reconstituted with NH,OH
(trace ¢). The number of lysine residues modified per toxin mono-
mer (derived as shown in Fig. 2) was 1.5 in traces # and c.
Histidines modified (per toxin monomer) were 2.3 before and 0.4
after NH,OH treatment. 5 pg/ml toxin was administered in all
cases. Discrete current jumps revealed the opening of single ion
channels. A dashed line indicates zero current. Applied potential
was +40 mV. Next to each trace a histogram shows the number
of events with a given conductance observed in different (2 to 4)
experiments run with the same toxin sample. Mean conductance
values obtained from those histograms are indicated by arrows.
(B) Dependence of the single channel conductance at +40 mV on
the number of DEPC-modified lysine residues per toxin monomer
(derived as shown in Fig. 2). Full points are for NH,OH-reconsti-
tuted toxin samples. Squares are for DPhPtdCho membranes,
circles for POPtdCho membranes. Error bars are SEm of 20 to 60
events. The solid line is the prediction of the theoretical model
discussed in the text
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a-toxin pores is not linear since the current flowing
at positive voltages is much larger than that flowing
at negative voltages of the same value. In terms
of the most general electrodiffusional models this
implies that the potential profile of the pore (gener-
ated by its own fixed charges) is asymmetrical along
the ion pathway {20, 29]. Lysyl-ethoxy-formilation
decreases (to a large extent) the nonlinearity of the
I-V curve and once again this effect is not reversed
by NH,OH treatment (Fig. 7A), ruling out a role for
histidine. This finding suggests that neutralization of
some lysine residues at well-defined positions along
the ion pathway changes the potential profile of the
pore.

As a measure of the nonlinearity of the I-V
curve we calculated the ratio between the current
flowing at + 120 mV and that at — 120 mV (called
I[(+V)/I(—V)). The dependence of this ratio on the
mean number of lysine residues modified per toxin
monomer is shown in Fig. 7B, and again it is well
predicted by our model.

Preformed o-toxin channels can also be modi-
fied with DEPC, which produces a strong reduction
of their anionic selectivity and a linearization of their
[-V curve (Table). This is consistent with what we
have shown in Fig. 4, i.e., that lysine residues of
preformed hexamers can still be modified by DEPC.
Further, it indicates that at least some of these acces-
sible residues are actually located near the ion path-
way where they can influence the ion flux.

In principle it is possible, by adding DEPC only
on one side of the membrane, to probe the disposi-
tion of the relevant lysines on the two sides of the
channel. Interestingly, addition of DEPC only to the
cis side or only to the trans side of the bilayer has
exactly the same final effect both on the selectivity
and on the I-V curve of the pore (Table). This seems
to mean that the lysyl groups responsible for the
electrical properties of the pore are modified in both
cases, implying that they are actually located inside
the lumen of the pore where they may be approached
by DEPC diffusing from either side of the channel
(DEPC has mol wt 162 and thus it is expected to
move freely into the pore which has a cut-off at a
mol wt between 2,000 and 4,000 [6, 11]). It is not
likely that these results are affected by diffusion of
DEPC (which is actually a rather lipophilic mole-
cule) through the membrane. In fact, in a planar lipid
bilayer experiment the concentration on the side
opposite of addition is always buffered to zero be-
cause of the exceedingly large volume of the com-
partment compared to the small area of the mem-
brane. Even for free diffusion through the open hole
(when the membrane is broken) the concentration of
the diffusant on the other side would not appreciably
increase over a period of several hours.
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Finally, we have found that chemical modifica-
tion of a-toxin before or after channel formation are
not additive in the sense that the addition of DEPC
on one side of a membrane containing preformed
channels attains the same final result whether we
start from unmodified toxin or from a heavily modi-
fied toxin sample (2.9 lysines and 1.9 histidines modi-
fied per monomer, see the Table). This proved to be
true both for the I-V nonlinearity and for the ionic
selectivity.

A MODEL FOR THE ROLE OF LYSINE RESIDUES
ON THE CHANNEL PROPERTIES

To design a possible model for the structure of the
a-toxin channel we made a few considerations: (i) its
lysine-dependent anion selectivity (Fig. 6) indicates
that a few of these residues are located along the ion

L. Cescatti et al.: Lysil Modification of a Toxin Channel

Fig. 6. Selectivity of the native and lysyl-modified a-
toxin pore. (A) Current-voitage curves shown were
obtained by applying a slowly changing triangular
wave of voltage to membranes containing a
population of many a-toxin channels as observed
several minutes after the addition of the protein. The
membranes separated two asymmetrical solutions
containing 500 mm NaCl on the cis side and 50 mm
NaCl on the trans side (pH 6.5). Curves obtained at
successive intervals of time are superimposed; their
slope becomes steeper with time because the number
of channels inserted into the bilayer increases. All
the curves intercept the voltage axis at one point.
Such voltage, at which no net current flows through
the channel, is called reversal voltage (V,,,). The
negative value of V,, indicates that the pore is anion
selective; ideal anion selectivity under these
120 conditions would give V., = —52 mV. POPtdCho
membranes were exposed either to native a-toxin
(panet @), or DEPC-treated toxin (panel b), or to the
135 same but reconstituted with NH,OH (panel ¢). The
number of lysine residues modified per toxin
monomer (derived as shown in Fig. 2) was 1.5 in
panels b and ¢. Histidines modified (per toxin
monomer) were 2.3 before and 0.4 after NH.OH
treatment. Toxin was 5 ug/ml. (B) Dependence of
V,ev Upon the number of lysine residues modified by
DEPC per a-toxin monomer (derived as shown in
Fig.2) either before (open symbols) or after (closed
symbols) NH,OH treatment. Error bars are standard
deviations of 2 to 8 independent experiments, similar
to those in A, run on different membranes.
Membranes were composed of POPtdCho. Other
conditions were as in Fig. 5. The chloride to sodium
permeability ratio (P(Cl)/P(Na)) given on the right
scale was calculated from V,, according to the
Nernst-Planck equation [29]. The solid line is the
prediction of the theoretical model discussed in the
text
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pathway; (ii) the accessibility of such residues in
preformed pores from either side of the pore (Table)
implies that they are actually located inside the lu-
men of the pore; (iii) the nonlinearity of the I-V
curve in the native channel (chloride currents going
from the cis to the trans side are larger than chloride
currents going the other way round) suggests that
an excess of positive charge is located near the cis
entrance of the pore; (iv) the fact that DEPC added
to preformed pores can reverse the nonlinearity of
their I-V curve (Table) indicates that negative fixed
charges are also present at the cis entrance and may
prevail when all lysine residues are neutralized.

A tentative picture of the channel is given in Fig.
8. We envisaged it as a hollow cylinder resulting
from the assembly of six toxin monomers. To fit the
experimental data we had to assume the presence of
at least three positively charged lysing residues and
one negatively charged acidic (glutamic or aspartic)
residue per monomer. These charges are located at
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Fig. 7. Current-voltage characteristic of the native and lysyl-
modified a-toxin pore. (4) Current-voltage curves obtained apply-
ing short square-shaped voltage pulses [23) to a membrane con-
taining many a-toxin channels are shown. The membrane sepa-
rated two symmetrical solutions containing 125 mm NaCl on both
sides (pH 6.5). Curves were scaled to the current flowing through
a single ion channel using the discrete current jumps observed at
the beginning of the experiment (as shown in Fig. S4). POPtdCho
membranes were exposed either to native a-toxin (curve a), or
DEPC-treated toxin (cruve b), or to the same but reconstituted
with NH,OH (curve c¢). The number of lysine residues modified
per toxin monomer (derived as shown in Fig, 2) was 1.5 in curves
b and c. Histidines modified (per toxin monomer) were 2.3 before
and 0.4 after NH,OH treatment. Toxin was 5 ug/ml. (B) depen-
dence of the ratio /(+ V)/I(— V) (in absolute value) on the number
of lysine residues modified by DEPC per a-toxin monomer (de-
rived as shown in Fig. 2) either before (open symbols) or after
(filled symbol) NH,OH treatment. Squares are for DPhPtdCho
membranes, circles for POPtdCho membranes. Other conditions
were as in Fig. 5. The solid hine is the prediction of the theoretical
model discussed in the text
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the c¢is entrance of the pore and, for the sake of
simplicity, we placed them symmetrically around
its center. They contribute to create an entrance
potential at the cis side which we call ..

The most general expression for the current /
flowing through a channel is given by the Goldman-
Hodgkin-Katz (GHK) equation [20, 28, 29], which
{in the case of a symmetrical NaCl solution of con-
centration C on both sides of the pore) reads

=21 (2)
I =(allyueyz;, (V + d, — &) C
exp(—z; )1 — exp(—z; V"))
I —exp(z; (P, — D, — V')

(3)

where the index i refers to the ion species present
(Na and Cl); ¢ and / are the cross sectional area and
length of the pore; u and z are the absolute mobility
and valence of the ion species; ¢, is the electronic
charge: V is the applied potential and &, ®, are the
entrance potentials (due to the fixed charges on the
pore) at the cis and frans side, respectively. All the
primed potentials are reduced potentials obtained by
dividing the corresponding unprimed potentials by
the factor k7/e, (k: Boltzmann constant; T: absolute
temperature) which is 25 mV at room temperature.
In our model only @, is not nil and hence Eq.
(3) sumplifies to
L= Aug (V- ) XPCLY) (4)
[ — exp(z(®, — V')

where we have introduced the constant 4 = ¢, C (a/
D.

Combining Eqs. (2) and (4) it is easy to calculate
the ratio I(+V)/I(— V). In the limit of large V, we
get

[H(+V)I(-V)| = exp ®.. (5)

Fitting Eq. (5) to the results in Fig. 7 we get &, =
+8 mV for the native channel.

When the entrance potential ® of a pore with
a symmetric distribution of point charges located
around its mouth is calculated using the Debye-
Hiickel theory [8] (or even the more refined calcula-
tion of Nelson and McQuarrie [26, 28]), one simply
gets that @ is directly proportional to the total
amount of charge present. Accordingly,

®, = kQ.. (6)

Where Q is the algebraic sum of the charges present
at the cis entrance and K is a proportionality con-
stant,

In our model we have two positive charges in
excess (per toxin monomer) in the native channel.



62

L. Cescatti et al.: Lysil Modification of a Toxin Channel

Table. Effects of DEPC modification on the electrical properties of preformed a-toxin pores*

Lipid [DEPC],,, [DEPC),... H+WV)K-V) Vi P(CH/P(Na}
{mM) (mM) (mV)
DPhPtdCho — — .34 + 0.03 (4"
4.0 — 0.88 = 0.03 (1)
7.8 — 0.83 £ 0.03 (2)
3 - 1.00 = 0.02¢ —~7.5 £ 0.5¢ 1.46 = 0.04¢
— 3 0.93 = 0.02¢
POPtdCho — — 1.28 + 0.03 (6)° —14.8 £ 0.7 (6) 2.16 = 0.08°
4.9 — 0.73 = 0.05 (2)
— 3 0.89 = 0.05 (3)
4 — —-6.6 = 2.1 (2) 1.38 = 0.14
— 4 ~8.0 0514 1.50 + 0.05
DPhPtdCho 1.334 — 1434 2.10¢
or POPtdCho 0.85¢ — 5.5 1.30°
“ The ratio I(+ V)/I(~ V), in absolute value, has been calculated at |[V| = 110 mV from the /-V

characteristic of membranes containing many channels (as shown in Fig. 7). The reversal voltage V.,
was measured as shown in Fig. 6. Values are average + seM of different experiments (the number of
experiments is given in parenthesis). The permeability ratio P(Cl)/ P(Na) has been calculated from V,,,
according to the Nernst equation [29]. DEPC was added (at the given concentration) either to the cis
or to the trans side of a bilayer containing preformed channels. Mean values before addition of DEPC
and theoretical predictions of the model presented in the text are also indicated.

® Before DEPC addition.

¢ Values obtained starting from a modified a-toxin sample (2.9 lysines modified); before DEPC addition

I+ V)I(— V) was 1.02 = 0.03 and V,,, was —7.5 = 0.5 mV.

4 Theoretical expectation for native toxin (no lysine residue modified).
¢ Theoretical expectation for most modified toxin {three lysine redisues modified per monomer).

From this it is easy to calculate ®, (and I(+V)/
I(— V) by Eq. (5)) also for the case of one, two, or
three lysine residues modified per toxin monomer.
This is shown in Fig. 7 as a solid line which fits rather
well to the experimental data.

Using Egs. (2) and (4) it is also easy to calculate
the conductance of the pore (G = I/V). In the limit
of V large and positive anions will move from the cis
to the trans compartment, experiencing an entrance
potential &, at the pore mouth, whereas cations will
move the other way round, experiencing no entrance
potential. Accordingly, we get

G = A (LlNa + Uc) €XPp @:). (7)

A least-squares fitting of Eq. (7) to the experimental
points of Fig. 5B, using a length of the pore of 12 nm
as derived from electron microscopy data [11],
allows us to estimate its cross-sectional area which
is 1.14 nm? (corresponding to a pore diameter of
1.2 nm). This section is about 12 times that of the
rectifying potassium channel and three times that of
the acetylcholine-receptor channel [15]. Such large
section (about 450 water molecules find place in a
pore of this size) prevents the flowing ions from
interacting strongly with the walls of the pore and
thus justifies the use of a simple diffusional model.

Finally, Eq. (4) may be used to calculate the
ratio between the anion and the cation permeability
through the pore. In fact, we have that [29]

and this ratio does not depend on the applied poten-
tial. In fact, when Eq. (4) is used to calculate I/1y,
both in the limit of V large and positive and in the
limit of V large and negative one gets

ICI/INu = Ugy €XP (I)(I'/uNu' (9)

It is evident from Eq. (9) that in this model the anion
selectivity of the channel is a direct consequence of
the fact that ®, is positive. Thus we expect that
changing the fixed charge (e.g. by modifying lysine
residues) would also change the selectivity of the
pore. This is exactly what was found experimentally
(Fig. 6). The predictions of Eq. (9) are shown in
Fig. 6B as a solid line. We feel that the fit between
experimental points and theoretical expectation is
quite good, particularly considering that there is no
adjustable parameter in this plot.

In conclusion, although admittedly simplistic,
the model well describes the dependence of the elec-
trical properties of the channel on the modification
of a few of its lysine residues.



L. Cescatti et al.: Lysil Modification of a Toxin Channel

TOP VIEW SIDE VIEW

Fig. 8. Proposed model for the structure of the channel formed
by e-toxin in lipid membranes. Top and side (dissected) view of
the a-toxin pore in a PtdCho/cholesterol (1 : 1) bilayer membrane.
The channel is shown as a hollow cylinder resulting from the
assembly of six equal toxin monomers. Protein hydrophobic sur-
faces are exposed to the lipid phase whereas hydrophilic groups
are exposed to the water phase. A hydrophilic pore is thus formed
through which ions can cross the membrane. As indicated by
electron microscopy [11], the pore protrudes into the water phase
on the ¢is side (i.e., the side of addition of the toxin) and is ring-
shaped when seen from the top (the plane of the membrane has
been shaded in the top view). In conductance experiments the
voltage V is applied to the trans side whereas the cis side is
grounded. We assume the presence of three positively charged
lysine residues and one negatively charged acidic residue per
monomer (indicated by circles on one monomer only). These
charges are located at the cis entrance of the pore and are symmet-
rically distributed around its center. They create an entrance
potential ®_ at the ¢is mouth which influences the flux of ions
through the pore.
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