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Abstract. Among eighteen point mutants of equinatoxin Actinia equinaL. It belongs to a larger group of actini-

Il produced inE. coli, containing a single cystein sub- aria proteins, called actinoporins, which share very simi-
stitution at variable position, EqtlIK77C was chosen for lar characteristics: size of around 20 kDa, isoelectric
its peculiar properties. It was almost 100 times less hepoint higher than 9, inhibition by sphingomyelin and
molytic than the wild-type, but its hemolytic activity common ability to lyse red blood cells by colloid-
could be restored by chemical modification of the thiol osmotic shock [8, 13, 28]. Little is known about their
group, provided that a positive charge was reintroducedstructural organization. Salient features are a high con-
This indicates that a positive charge at this position istent in 3-structure, nearly 65% on average [17], and the
necessary for toxin activity. The mutant formed largerpresence of an amphiphilic-helix at the N-terminus [4].
pores as compared to the wild type, but displayed thelheir mechanism of action is also not fully understood at
same cation selectivity. The pores reverted to normathe molecular level, however a common tract is the open-
size upon reintroduction of the positive charge. The conding of toxin-induced channels in the membrane of the
formation of EqtlIK77C and its binding to lipid mem- attacked cell. Pore-formation requires at least two steps,
branes, either vesicles or red blood cells, was almosas shown by kinetic experiments [5, 15, 27]: binding of
normal. However the kinetics of calcein release fromthe protein to the membrane in monomeric form and
lipid vesicles was substantially slower than that of thesubsequent oligomerization into the functional channel.
wild-type. Taken together with the different size of the The membrane-bound Eqtll monomer interacts with the
pore formed, this is an indication that mutation of lipid with at least two extended regions: the N-terminal
Lys77 - Cys influences the normal development of the helix and a hydrophobic core comprising residues 105—
aggregate which is required for assembling the func-120, and makes some additional contacts near the C-
tional pore. terminus [1, 2]. The final pore aggregate is not stable
and the existence of oligomeric structures was envisaged
from the analysis of permeabilization kinetics and from
chemical cross-linking experiments [5, 27]. Although
possessing a wide spectrum of action against different
cell types [13], we could show that Eqtll can be usefully
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q targeted against human cancer cells [20] or human para-
sites [26].
Introduction To make some progress in these applications or,

more in general, to improve our understanding of pro-
f tein-membrane interactions, a better knowledge of toxin
atructure/function relation is clearly needed. In this pa-
per we investigate the properties of an Eqtll mutant,
EqtlIK77C, which was produced iB. coli. This mutant
I was almost 100 times less active than the wild-type,
Correspondence tdG. Anderluh however by chemical modification we were able to re-

Equinatoxin Il (Eqtll) is a potent hemolytic protein o
179 amino acids found in the venom of the sea anemon
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store its hemolytic activity just by reintroducing a posi- min at room temperature. Percentage of hemolysis was determined as
tive charge in its side chain. This mutant also formedfollows:

larger pores as compared to the wild type. Finally, WhileH sis (%) — Y ~ X 100
the binding was preserved, the kinetics of calcein releasgMOYS!S 0= (Amax = Al Anax = Ari)

was SUbStant'a”y slpwer, |nd|cat|ng that mutation of where A« and A,,;, represent the absorbance values for intact and
Lys77 - Cys had an influence only on the second part ofcompletely hemolysed RBC respectively aig, is the value in each

the pore-formation mechanism, i.e., the aggregation intavell at the end of the assay. For osmotic protection experiments glyc-
a functional pore. We also proved that chemical modi-erol, and a series of polyethylenglycols (PEGs) i.e., PEG200, PEG400,
fications on an introduced thiol group can be used inPEG600, PEG1000, PEG1500 or PEG2000, where the numbers denote

alternative to extensive site-directed mutagenesis to proqverage molecular mass (all purchased from Fluka) were added to
vide the same kind of information erythrocyte buffer in a final 30 m concentration. Erythrocytes were

incubated in such buffer at least half an hour before starting the ex-
periment. The radii of these molecules, in hydrated form, were taken

. from [10]. Control experiments were performed in the presence of 2
Materials and Methods mu dithiothreitol (DTT).

PRODUCTION AND |SOLATION OF TOXINS ETIR STUDIES OF L IPID-FREE AND
Native Eqtll was isolated as described [14]. EqtlIK77C was produced'vI EMBRANE-BOUND TOXINS

in an E. coli expression system as described previously [3]. The ex-

pression and purification of all other mutants has been reported [Z]Secondary structure of the toxins, with or without lipid, was investi-
Native and SDS-PAGE were performed on PHAST system from Phargated by FTIR spectroscopy essentially as described earlier [16, 17].
macia. Circular dichroism spectra of the wild-type and mutant in waterSPectra were collected in the attenuated total reflection (ATR) con-
were recorded by a Jasco J-710 spectropolarimetetticmeell at 25°  figuration [6], on a Bio-Rad FTS 185 spectrometer, equipped with
as in [4]. Tryptophan fluorescence measurements were made at 25°BTGS detector and KBr beamsplitter, and purged with 10 I/min dry air.
using a FP-750 fluorimeter (Jasco). Excitation wavelength was 295 nm\bsorption spectra were obtained in the region between 4,000 and 600
(in order to minimize tyrosine contribution [11]) and emission spectra C™ *, at a resolution of one data point every 0.25°¢m0 to 120
were recorded from 300 to 400 nm. Excitation and emission slits werdnterferograms were collected, Fourier transformed and averaged. 25

set at 10 nm. The concentration of proteins wasjas Background M9 of toxins in water (concentration between 0.6 and 0.8 mg/ml) were
fluorescence of the buffer was subtracted. deposited on one side of a 10-reflections Ge crystal and gently dried

under nitrogen in a thin layer. The crystal was housed in a liquid cell

and, before collecting a spectrum, flushed witfObsaturated nitrogen
PrREPARATION OF VESICLES for 20—-30 min to allow deuteration of the sample, in particular replace-

ment of the fast-exchangeable amide hydrogen ions [25]. The spec-
Multilamellar liposomes were prepared either in the presence ofd80 m trum of the sample-free crystal was used as the background. If present,
calcein (neutralized to pH 7.0 with NaOH) or in 140NacCl, 20 nm residual HO vapor bands were subtracted. The relative content of
Tris-HCI, 1 mm EDTA, pH 7.0 (vesicle buffer) and subjected to 6 Secondary structural elements was estimated by the method of Susi anc
cycles of freezing and thawing. Large unilamellar vesicles (LUV) were Byler [24] exactly as we have already described [17]. To estimate the
prepared by extruding a solution of multilamellar liposomes using anumber, position, amplitude and width of the Lorentzian components
two-syringe extruder (LiposoFast Basic unit, Avestin, Canada) throughwhich were finally used to curve fit the amidéband between 1700
polycarbonate filters (Nucleopore) with pores of an average diameter ofind 1600 crit', was first deconvoluted with a resolution enhancement
100 nm [12]. Small unilamellar vesicles (SUV) were prepared by soni-factork = 2 [16].
cation of multilamellar vesicles for 40 min at room temperature using For membrane-bound samples, aliquots of SM:POPC (3:1) SUV,
pulsed sonicator (Vibracell VC 500 Sonics & Materials). Lipids used prepared as described above, were diluted tojd2%n 1 ml of Hepes-
were sphingomyelin (Avanti Polar Lipids) and 1-palmitoyl-2-oleyl-sn- NaOH 10 nu pH 7.0 and incubated with 1.25m of one of the two
glycero 3-phosphocholine (POPC) (Lipoid) at ratio 3:1. To remove toxins (final lipid:toxin molar ratio 100:1). After incubation at room
untrapped calcein, the vesicles were spun through minicolumngemperature forz hr, the SUVs were separated from the residual
(Pierce) loaded with Sephadex G50 preequilibrated with vesicle bufferunbound toxin by precipitation in an ultracentrifuge (Optima TL 100 by
The final concentration of lipid was determined using Menagent phos-Beckman), using a fixed angle rotor (TLA 100.2) run at 100 krpm
pholipid assay (Menarini Diagnostics, Florence, Italy) as described(=450,000 xg) for 3 hr at 4°C. The supernatants were collected and
earlier [27]. tested for the presence of free toxin by measuring the hemolytic activ-

ity. At these conditions, more than 90% of the protein coprecipitated

with the SUV. The pellet, consisting of vesicles and bound toxin, was
HEmoLYTIC ACTIVITY recollected in an aliquot of 2@l, diluted with the same volume of J©

and applied to the Ge crystal for FTIR analysis. Controls in which the
Hemolytic activity was measured by an automated microplate readesame amount of toxin was centrifuged in the absence of the vesicles
(UVmax, Molecular Devices, Sunnyvale, CA). Toxins were subjectedindicated that, without lipid, not more than 5% of the protein could be
to serial twofold dilution in 140 m NaCl, 10 mu Tris-HCI, pH 7.4, collected in the bottom 2l of the tube. The contribution of the lipid
with 0.1 mg/mL Prionex (porcine hydrolysed collagene of average masgo the lipid plus toxin spectra was removed by subtracting the spectrum
20 kD purchased from Pentapharm, Basel, Switzerland) in 96 wellof the lipid alone (collected following the same centrifugation proce-
microtiter plates. Human red blood cells (HRBC), collected intrave- dure, except that the protein was omitted) weighted by a coefficient that
nously and washed in the same buffer, were then added. The timeliminated the residual band at 1740 ¢pdue to the stretching of the
course of hemolysis was followed turbidimetrically at 650 nm for 30 carboxyl groups of the phospholipid. This was necessary also in view
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of the fact that sphingomyelin, comprising the ceramide moiety, con-BLack LIPID MEMBRANES (BLM)

tributed a signal in the amide | region which was between 23 and 28%

of the total. After removal of the lipid contribution, differential spectra Bilayer lipid membranes were prepared at room temperature by the
were also obtained by subtracting the spectrum of the toxin in solubleP@inting technique [19]. The lipid used was a mixture in a molar ratio

form, with a weight that minimizes the remaining integral in the amide 20:1 of diphytanoyl-phosphatidylcholine (DPhPC) and egg sphingo-
I” region. myelin (SM) which were both provided from Avanti Polar Lipids.

A droplet from a 10 mg/mL solution of these lipids in n-decane was
spread ovea 1 mmhole in a Teflon septum separating two stirred
buffer solutions (4 ml of KCI 100 m, Tris 10 mm, pH 8). The hole
PERMEABILIZING ACTIVITY was pretreated with a fewL of the same lipid solution allowed to dry
in air. The membrane spontaneously thinned to a bilayer with an av-
erage capacitance of 1 nF and a conductance of 100 pS. Toxin was
dded on one side only (called this side) to stable preformed bilay-
rS. However, in the case of EqtlIK77C, we sometimes reformed the
at 538 was measured. A 96 well microtiter plate was filled with 200 membrane in the presence _of the toxin in order to improve the detection
of pores. The current flowing through the membrane, under voltage

wL of vesicles buffer and the desired amount of toxin and vesicles. s
) ; . clamp conditions, was collected through Ag-AgCl and converted to
The concentrations used are reported in the text. The experiments were . . I
voltage by a virtual grounded operational amplifier (Burr Brown OPA
run at room temperature. The percentage of release, R%, was calc

lated as follows: l1['O4C). Transcompartment was the reference and the current was de-
' fined positive when cations flew into theis compartment. For the

selectivity experiments the solutions contained 10 Hepes (pH 8.0)

R%) = (Fin = Fin)/(Frmax = Fin) % 100 plus either 20 m KCI in the cis compartment or a variable concen-
tration of KCI (ranging from 20 to 600 mn as specified) in thérans
compartment. The electrodes were connected through agar bridges

whereF;, andF;,, represent the initial and the final (steady state) value saturated with 31 KCI.

of fluorescence before and after addition of toxin, respectively.

Permeabilization activity on unilamellar vesicles loaded with calcein
was measured using a fluorescence microplate reader (Fluostar, SL
Austria). Samples were excited at 485 nm and the fluorescence emitte

Results

ToxIN BINDING In an attempt to identify domains of Eqtll that are im-
portant for its function, a collection of point mutants was
To determine the binding of toxins to HRBC at steady statpg2of glrf(f)giyecnetdp(ljglillvohrigriZ? S\I/Cgltehgr)isst(?rIZZnV(\algstfigtlrn(')]?)uo(;tea dn:;
proteins were added to 20L of HRBC (Agso = 1.0) in erythrocyte . : o . ;
buffer supplemented with 30 mM PEG4000 in a final volume of25 of having a charge at that position, by chemically modi-
They were incubated for 10 min and then centrifuged for 2 min atfying the single cysteine with either iodoacetic acid (in-
14,000 xg. Supernatant was removed and pellet resuspendequln 5 troducing a negative charge) or bromoethylamine (intro-
of electrophoresis buffer (0.2 Tricine, 0.2m Tris, 0.55% SDS, pH ducing a positive Charge)_ The hemoiytic activity of
7.5), subjected to SDS-PAGE electrophoresis using PhastSystemagch mutant, before and after chemical modification, is
transferred to PVDF (polyvinylidene difluoride) membranes and : : : :
stained with anti-Eqtll serum as described [2]. To estimate the velocit shown m. Fig. 1 tOgether. with that of the wild-type. The
of binding to model lipid membranes, toxins at a concentration of 2.5”¢1tr0dl'|Ct|0n of the CYSteln Was well tolerated by all mu-
pg/mL were added to a solution of SUV at a final lipid/toxin ratio 500. tants except those in the interval between R31C and
After a variable delay, HRBC were added and residual hemolytic ac-K77C and by S167C (Fig.A). Chemical modification
tivity was determined by measuring turbidimetrically the rate of he- gave additional information (Fig.B). It appears that a
molysis. By comparison with a calibration curve of toxin alone, the polar residue is required at position 20 and 43 (normally
amount_ of free toxin remaining in solution at each moment was thenOCCUpied by Iysines) because the introduction of a charge
determined. of either sign increased the specific activity. Conversely,
a nonpolar residue seems to be necessary at position 5:
(normally occupied by a serine), since the introduction of
CHEMICAL MODIFICATIONS a charge of either sign decreased the specific activity of
the mutant. Most interesting was mutant EqtlIK77C, be-
Toxins, at a final concentration of 8;6m, were incubated in 0.0Bi cause in this case the presence of a positive charge a
Tris-HCI, pH 8.2, with DTT (at a DTT/toxin ratio 80) for 10 min at  position 77 (like in the native protein) was able to restore
room temperature. Thereafter, either iodoacetic acid or iodoacetamidg hemolytic activity nearly to the level of the wild-type,
(Sigma) in 0.5v Tris-HCI pH 8.2, were added to toxins in a final ratio \yhereas the presence of a negative charge reduced i

of probe/DTT= 30 (meanwhile the ratio probe/toxin was 2400). The o0 more  Therefore, we decided to study the effects of
reaction was stopped with excess of DTT after 30 min of labeling at . L. . .
the mutation at position 77 in more detail.

room temperature and in the dark. For labeling with bromoethylamine
(Sigma) the same conditions were used, except that the concentration of

bromoethylamine was higher (usually probe/toxin was 12,000) andSTRUCTURAL PROPERTIES OFEQTIIK77C

toxin was incubated at room temperature overnight. Labeled proteins

were used for hemolytic assays, release of calcein or native-PAGEEQLIIK77C is produced in a bacterial expression system
without further purification. as a homogeneous protein with similar yield as the wild-
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Fig. 1. Dependence of the hemolytic activity of Eqtll mutants contain-

ing a single cystein at variable position upon introduction of a chargedrig. 2. Spectroscopic properties of the wild-type and EqtlIK77} (
group at the thiol. &) Hemolytic activity of each mutant was measured CD spectra measured in water at 25°C in the presence of 0.23 mg/mL
in a 96-well microtiter plate and compared to the wild-type. It is ex- for the wild-type and 0.45 mg/mL for EqtlIK77C. Inset: tryptophan
pressed as the reciprocal of the toxin concentration required for 50% oémission fluorescence spectra measured in water at 25°C, with excita-
lysis of HRBC. Reported values are mean of triplicatesot (B) tion wavelength at 295 nm and both slits at 10 nm. The concentration
Relative change of activity (measured as in partfor each mutant  of both proteins here was 0.05 mg/mL. In both panels, solid lines are
after modification with either iodoacetic acid, which introducing a for the wild-type, dashed lines for EqtllK77CBY FTIR-ATR spectra
negative charge at the thiol group (open squares) or bromoethylaminef deuterated films of the wild-type and EqtlIK77C in the amide |
introducing a positive charge (closed squares). region. 25u.g were applied for both toxins. As in pakt solid lines are

for the wild-type, dashed lines for EqtlIK77C. For a proper superim-

position, the spectrum of the mutant was multiplied by a constant factor
type, nevertheless it is about 80 times less hemolytidl-3) calculated dividing the area of the amiddéand of the wild-type
(Fig. 1A). To clarify the reasons for such a low activity, P that of the mutant.
we first checked if its structure was preserved. In SDS-
PAGE it was running normally, whereas in native-
PAGE, it appeared as a single band running towards théhe wild-type (inset of Fig. &). An evaluation of the
cathode at a slightly slower rate than the wild-type be-secondary structure composition of both proteins was
cause of its less positive chargeot show). A small  obtained from analysis of their amidewibrational band
portion of covalently bound dimers was present (as in-in FTIR spectra (Fig. B). The two spectra were indeed
dicated by the difference in the SDS-PAGE pattern withvery similar, suggesting the presence of a large content
and without DTT). They amounted to less than 10% andof B-structure. According to [24], we calculated that the
did not influence the hemolytic properties of the mutantpercent composition d$-sheet3-turn, a-helix and ran-
since hemolysis in the presence or the absence of DT@om coil was 56%, 10%, 17% and 17% for the wild-type
was the same. The global protein fold was checked byand 58%, 15%, 15% and 12% for EqtlIK77C, i.e., the
measuring the far-UV CD spectrum (FigAR which had  mutant had only slightly less random coil and more
a pronounced minimum at 217 nm and was superimposg-turn than the wild-type. These values are consistent
able to that of the wild-type, and tryptophan fluorescencewith those already reported for two sticholysins, similar
emission which was also practically identical to that of actinoporins produced by the anem@techodactyla he-
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Table 1. Effects of point mutations and chemical modifications at
100 residue 77 on the hemolytic activity of Eqtll
Proteir? Lateral chaif 1/, Modification
s [nm~Y° yield (%)
0
2 Wild-type AN 57409 —
[+]
§
L EqtlIK77C ~\sH 0.10+£0.03 —
20
NHz+
f ) -~ ) . Equik77C-BEA ~ g7 37+23 35
fe2%Es o 0.1 1 10 100 o~
Concentration [ug/mi] EqtlIK77C-IAA s OO 0014002 100
0.12
EQUIKTZCIAM <~ g~ SCONH2 0144001 100
0.10
2 EqtlIIK77C was derivatized with either bromoethylamine
g 0.08 (EqtlIK77C-BEA) or iodoacetic acid (EqtlIK77C-IAA) or iodoacet-
8 : amide (EqtlIK77C-IAM).
o b Structural formulae of the side chains resulting from point mutation or
2 006 chemical modification are indicated.
< ¢ Hemolytic activity, expressed as the reciprocal of the toxin concen-
0.04 tration required to obtain 50% of lysis of HRBC, was obtained as
shown in Fig. 3.
9The yield of modification was determined by ion-exchange chroma-
002 i I 1 L L 1 L 1 1 h
0 100 200 300 400 500 600 700 800 900 1000 tography.
Time (s)

Fig. 3. Hemolytic activity of EqtIIK77C and its derivatives. Hemolysis activity of EqtlIK77C alone was reduced approximately
of HRBC (initial Agso = 0.1) was measured with an automated mi- 80 times, as compared to the wild-type, that of variants
croplate reader at room temperature in 149 NaCl, 10 nm Tris-HCI, having eitherS-carboxymethylcysteineS-amino-

0.1 mg/ml__ Prionex, pH 7.0.4) F’e_rcentage of hemolysis calculated ethylcysteine orScarboxyamidomethylcysteine at pOSi-
after 30 min. Black symbols, the wild-type; open symbols, EQUIKT7C. i 77 \was reduced approximately 570, 2.7 or 37 times,
Squares, unmodified protein; circles, protein modified with iodoacetic . S .

acid; triangles, protein modified with bromoethylamine. Representativere,Specnvely' Controls indicated that hem0|y5's by the
results are shown in all cases, relative variation was within 1. ( Wild-type was not affected by the same treatment with
Time course of hemolysis, symbols are the same as injafoxin ~ i0odoacetamides or bromoethylamine, indicating that, in
concentrations were: the wild-type 30 ng/mL; EqtlIK77Cug/mL; the absence of the sulfhydryl group, side reactions at
S-carboxymethylcysteine EqtlIK77C gg/ml and Saminoethyl-  other amino acids did not occur. The 30-fold rise in
cysteine EqtlIK77C 63 ng/mL. Inset: western-blot of protein monomersactivity of EqtlIK77C, upon modification with bromo-

bound to HRBC membranes (toxin concentration during incubation . [t "
was always 8Qug/mL). Lanes 1 to 3, EqtlIK77C and its derivatives; ethylamme’ clearly indicates that a positive charge at

lanes 4 to 6, the wild-type; proteins in lanes 2 and 5 were treated witfPosition 77 is required fOI’ the W"d'tYPe aC“V'tY' _The
iodoacetic acid; proteins in lanes 3 and 6 were treated with bromoethf€ason that the restoration of hemolysis was still incom-

ylamine; lanes 1 and 3 were unmodified. plete is that while modifications with iodoacetic acid and
iodoacetamide were extensive (according to native
PAGE and ion-exchange chromatography), that with

lianthus [17]. All experiments thus lead us to the con- ,romgethylamine was not (Table). Due to the different
clusion that the overall 3D structure of EqtlIK77C was chemistry involved, the yield was in that case around

preserved. 35% (in agreement also with the results of other inves-
tigators that used the same reagent [21]), practically

PoRE FORMING AcTIvITY oF EQTIIK77C AND matching the recover in activity and suggesting that the

ITs DERIVATIVES portion of protein that was modified was indeed fully
active.

The effects of introducing different functional groups at Despite the differences in activity, the mechanism of
the single cysteine residue of EqtlIK77C, by covalentbinding and lysis of Eqtll, EqtlIK77C and the deriva-

modification of the sulfhydryl group, was further inves- tives, was apparently the same. In fact, the binding to
tigated (Fig. 3). Indeed we observed that the hemolytidHRBC was even slightly better for the mutant (inset in
activity of EqtlIK77C was dependant on the kind of side Fig. 3B), and independent of the charge at position 77,
chain attached on Cys77 (FigA3Table). While the since both variants, with positive or negative charge,
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Fig. 4. Permeabilizing activity of EqtlIK77C and its derivatives on 0 30

lipid vesicles. LUV were composed of SM/POPC (3/1) and loaded with Time (min)

calcein. The release was measured with SLT microplate reader at room ) ) ) .

temperature in 140 mNaCl, 20 mu Tris-HCI, 1 mv EDTA, pH 7.0. Fig. 5. Osmotic protection of hemolytic activity by PEGs. The hemo-

The percentage of release was calculated after 45 min with reference ftic activity was titrated by measuring the change in turbidity. PEGs of
the total release induced by 1miTritonX-100. Black squares, the different size, as indicated on the right, were present in the erythrocyte

wild-type; open symbols, EqtllIK77C: squares, unmodified protein; buffer at a final 30 mm concentration. Toxins were twofold serially
circles, protein modified with iodoacetic acid; triangles, protein modi- diluted and then HRBC added and the time course of hemolysis was

fied with bromoethylamine. Representative results are shown in alimeasured for 30 min. Toxin concentrations are reported; EqtlIK77C-
cases. relative variation was within 15%. BEA indicates the mutant modified with bromoethylamine.

pound equally well to t_he cells. Furlthgrmore, glso theWas attached to Cys77 (by bromoethylamine) the protec-
time course of hemolysis was very similar, albeit occur-

ring at different toxin concentrations (FigBR tive effect of smaller PEGs was again observed.

Similar results were obtained when one simple
system, the release of calcein from liposomes, was used
to investigate the interaction of EqtlIK77C and its ELECTRICAL PROPERTIES OF THEPORE FORMED
derivatives with pure lipid membranes (Fig. 4). As BY EQTIIK77C
compared to the wild type, the activity of EqtlIK77C
alone was reduced about 30 times, while thatSof
aminoethylcysteine EqtlIK77C was reduced approxi
mately 7 times (representing almost a fourfold recover
upon reintroduction of the positive charge) and that of
S-carboxymethylcysteine EqtlIK77C was nil, at least up
to a concentration of 0.4 mg/mL.

_EqtlIK77C formed ionic pores in BLM composed of a
)FC/SM mixture (Fig. 8). While the wild-type readily
formed pores at 5y concentrations, the concentration of
EqtlIK77C required was much higher, usually around 60
nv. The number of channels formed was also always
smaller with the mutant, which is in accordance with its
reduced hemolytic activity. The conductance of the
THE PoRE FORMED BY EQTIIK77C 1S LARGER THAN wild-type single channel was approximately 400 pS (Fig.
THAT OF THE WILD TYPE 6B). On the contrary, EqtlIK77C formed channels with
larger conductance, of approximately 500 pS, in agree-
The addition to the erythrocyte buffer of osmotic pro- ment with the increase in pore size observed in the he-
tectants like PEGs, can considerably prolong the lag timenolysis experiments with PEGs.
and reduce the rate of hemolysis by the wild-type [5]. Despite the increase in conductance, the selectivity
In the case of the wild-type, addition of PEG600 (radiusof the pores remained practically the same, i.e., the per-
0.7 nm) already strongly diminished the hemolytic ac-meability of K* was roughly 10 times that of Clwith
tivity, whereas PEG1000 (radius 0.9 nm) completelyboth toxins (inset of Fig. B). Furthermore, the addition
abolished it, at all toxin concentrations (Fig. 5). The he-of methane-thio-sulphonate (MTS) reagents, which are
molytic activity of EqtlIK77C was also reduced, but in commonly used for thiol modification of preformed ion
this case PEGs of larger size were required. For exehannels or toxin pores [9, 18], did not show any effect
ample, PEG1000 was active only at lower toxin concen-on the ion currents flowing through preformed
trations, whereas at higher, only PEG2000 (radius 1.£qtlIK77C pores, at least up to a concentration ofi2 m
nm) was inhibitory. If a positively charged side chain (data not showh
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Fig. 6. Channel formation in BLM. Upper traces: ionic currents flow-

ing through membranes exposed either to the wild-type (upper trace) or Time (s)

to EqtlIK77C (lower trace). Upward steps indicate the formation of

single pores into the BLM. Applied voltage was +20 mV. Concentra- Fig. 7. Comparison between toxin binding and calcein release with
tion of protein (added only to theis side of the membrane) was 20in EqtlIK77C and the wild-type.A) Calcein release, in the first 5 min,

for the wild-type and 25 m for EqtlIK77C. BLM were formed of  from calcein-loaded SUV of the same composition as in the lower
DPhPC with 5% SM. Buffer on both sides was 4 mL of KCI 10&im  panel and at the same toxin concentration (L/T ratio 1.25). The inset
Tris 10 mm, pH 8. B) Histograms showing the number of events with shows the time course of release on a longer time scale. Other condi-
a given conductance observed in experiments as in Aaftverage tions are as in Fig. 4. Open squares and filled squares are as in the lower
conductance (8p) was 397 = 101 pS for the wild-type (51 events from panel. At a concentration of 10g/mL, the wild-type reached 50% of

3 different membranes, shaded bins) and 501 + 94 pS for EqtlIK77Ccalcein release in 30 sec, while EqtlIK77C took 270 sec to get to the
(59 events from 5 different membranes, hatched bins). Superimposegame level. The final release of EqtlIK77C was only one-third of that
are Gaussian distributions. Inset: Voltage reversal (i.e., the voltage  of the wild-type. B) binding of toxins to liposomes was estimated by
at which no net ion current flows) measured under different concen-incubation with POPC/SM (1/3) SUV at L/T ratio 50 for desired
tration gradients. KCI was 20 mon thecis side and the reported amount of time (toxin concentration was f@/ml) Thereafter HRBC
amount on theransside. Wild-type (open squares) was® whereas  were added and the rate of hemolysis was determined turbidimentri-
EqtlIK77C (closed squares) was 3% .nAdaptation of the Goldman-  cally. Using calibration curves obtained with known concentrations of
Hodgkin-Katz expression [23], to the observéd, yields a cation to  toxins, the amount of toxin remaining in solution was calculated at each
anion permeability ratio P/P.,~ of 9.9 for the wild-type (closed time. Open squares are for EqtlIK77C whereas filled squares are for the
squares) and 9.7 for EqtlIK77C (open squares), which are both verywild-type.

similar to the values reported for Nand CI with the wild-type [5].

and the final value was only slightly lower with
EqtlIK77C (Fig. B).

FTIR spectroscopy, performed under similar condi-
tions, confirmed that the extent of binding to SUV was
similar (approximately 90% for the wild-type and 84%
To determine at which step mutation LysZ7Cys af-  for EqtlIK77C, Fig. 8). Furthermore, both the wild-type
fects the permeabilizing activity of EqtlIK77C, the bind- and the mutant underwent a small conformational change
ing to SUV and their permeabilization was simulta- with lipid binding, that can be summarized as a decrease
neously measured in comparison with the wild type (Fig.of random coil and an increase @fhelical and-struc-

7). Although both the rate and the extent of calcein re-ture (insetin Fig. 8). In the lipid-bound form, the percent
lease were much lower for the mutant (Figh)y we  composition of3-sheet3-turn, a-helix and random caoil
observed that the initial binding was virtually the same,was 55%, 16%, 18% and 10% for the wild-type and 56%,

AGGREGATION RATHER THAN BINDING IS IMPAIRED
IN EqtIIK77C
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0.08 T T L ] thiol reactive reagents added on ttis side [2]. In fact,
8 ] from a low resolution topological study, we determined
0.06 3;'3_, 1 that Eqtll binds to the membrane using other parts of the
5 1 protein molecule, i.e., an 18 residues long stretch near
8 % the N-terminus, predicted to be organised as an amphi-
g 0o4r @ f & ] pathic a-helix, and a hydrophobic core extending from
< L 1700 1675 1650 1625 1600 /, residue 105 to 120 [2].
é 002 Wavenumber (cm”) It is therefore conceivable that residue 77 is either
' involved in the final steps of the formation of the pore
(i.e., the aggregation of pre-inserted monomers) or that it
0.00 F drastically diminishes the flow of ions through the chan-
L L nel, for example being located in the pore lumen. Ex-
1775 1750 1725 1700 1675 1650 1625 1600 periments with BLM clearly demonstrated that the con-
Wavenumber (cm™) ductance of EqtlIK77C pore is not reduced, but, rather

_ _ _ _ . increased with respect to that of the wild-type. This was
Fig. 8. FTIR-ATR spectra, in the amidé tegion, of the Wlld-type and confirmed by the osmotic protection experiments which
EqtlIK77C adsorbed to lipid vesicles. Toxin incubated at a lipid/toxin indicated that Iarger molecules could pass through the

ratio of 100 with SUV comprised of SM/PC (3:1) were separated from . . .
unbound toxin by centrifugation and applied to the ATR crystal as in EqtllK77C pore, suggesting it has a radius larger than

Fig. 2. The spectra were corrected by removing the contribution of thel-4 NM (the hYdrOdmamm radius of PEGZQOO) as com-
lipid as explained in Materials and Methods. By comparison with spec-pared to a radius of about 0.9 nm for the wild-type (Fig.
tra generated by known amounts of the toxin it was evaluated thab and [5]). Furthermore, in BLM we did not observe any
around 90% of the wild-type (solid line) and 84% of EqtliK77C effect either on the cation selectivity of the pore or on the
(dashed line) coprecipitated with the SUV. Inset: Differential spectra, o\ rrent flowing through preformed EqtlIK77C pores ex-
obtained by subtracting the soluble form from the normalized lipid- posed to the action of MTS reagents, indicating that the

bound form, are shown in the inset, for either the wild-type (solid line) ide chain of idue 77 t facing th |
or EqtlIK77C (dashed line). They are reported as a percent of the>! e chain ot residue was hot 1acing the pore lumen.

amplitude of the lipid-bound form. With both toxins an excess of signal COnversely, both the hemolytic activity and the size of
around 1660 cii and 1634 crii was present, indicating an increase in the pore in RBC were restored by pretreatment with
a-helix, B-turn andB-sheet structure, which was compensated by athiol-modifying agents that reintroduced the positive
decrease at 1640 cth suggesting a reduction of the random coil. charge at position 77 (Fig. 5).
Altogether these data clearly suggest that residue 77
is involved in the aggregation of Eqtll rather than having
14%, 18% and 11% for EqtlIK77C, i.e., almost identical. effects on the flow of ions through the pore. This re-
Such a conformational change was already described fahembers the situation found with another pore-forming
sticholysins [17] and appears to be typical of actinopor-oxin, i.e., staphylococcat-toxin, for which it was ob-
ins. served that modifications of His35 lead to severe loss of
activity, despite normal binding, because of a faulty
) ] oligomerization [7, 30]. In that case, it was demon-
Discussion strated that His35, albeit not completely embedded in the
contact surface between monomers [22], controls a con-
Cysteine mutants of Eqtll have been recently used tdormational step (the formation of the ‘stem’) which ren-
determine the regions of this molecule that interact withders thex-toxin oligomer stable and competent to make
the membrane [1, 2]. During this investigation we ob-the pore [29, 31]. In the case of Eqtll it is possible that
served that three neighboring mutants, S54C, H67C antlys77 actually lies on the contact surface between neigh-
K77C showed the largest changes in hemolytic activityboring monomers or that it is involved in some other
suggesting that this region is important for proper func-crucial step occurring during oligomerization.
tioning of Eqtll. While mutant H67C was three times The use of selective covalent modifications of the
more active than the wild-type, mutants S54C and K77GCsingle introduced thiol group with various reagents, has
were approximately 100 times less active. Here we hav@roven very useful. In fact, by introducing &
investigated the reasons for the decreased activity ofarboxymethylcysteine an&aminoethylcysteine we
EqtlIK77C further. could mimic the side chains of Glu and Lys at position
We have observed that the overall structure of the77 without the need of time-consuming production of
monomer of EqtlIK77C is preserved and that its bindingother point mutants. In this way we could prove that a
to the membrane matrix is practically normal (Figs. 2, 3,positive charge is required in that position. This might
7 and 8). This is consistent with the fact that, after mem-imply that Lys77 is involved in the formation of an im-
brane binding, residue 77 remains readily accessible tportant salt bridge for example between adjacent mono-
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mers as in the case of Lys110 and Lys147 of staphylo-
coccala-toxin.
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