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Abstract. Escherichia colhemolysin is known to cause traintestinal diseases like urinary tract infections, perito-
hemolysis of red blood cells by forming hydrophilic nitis, meningitis, and septicemia [9, 12, 60].

pores in their cell membrane. Hemolysin-induced pores  HIyA belongs to a family of related exoproteins
have been directly visualized in model systems such aslaborated by gram-negative organisms includingoli,
planar lipid membranes and unilamellar vesicles. How-Proteus, Morganelld39], Pasteurellg[56], Actinobacil-
ever this hemolysin, like all the members of a relatedlus [40, 42], andBordetella[27] species. These toxins
family of toxins called Repeat Toxins, is a potent leuko- share several peculiar features, conferred by a common
toxin. To investigate whether the formation of channelsgenetic structure comprising four linked genes necessary
is involved also in its leukotoxic activity, we used patch- to toxicity. They encode four proteins termed ABCD.
clamped human macrophages as targets. Indeed, whehis the cytotoxin, which is secreted through a peculiar
exposed to the hemolysin, these cells developed addsecretion pathway involving the two cellular proteins B
tional pores into their membrane. Such exogenous poresnd D [32], and activated via a post-translational acyla-
had properties very different from the endogenous chantion by C [28, 36, 55]. The cytotoxin always contains a
nels already present in the cell membrane (primarify K remarkable motif, a repeated Cabinding glycine-rich
channels), but very similar to the pores formed by thenonapeptide, which originated the family name of Repeat
toxin in purely lipidic model membranes. Observed ToXins (RTX) [16, 43, 59].

properties were: large single channel conductance, cation Many RTX toxins are hemolytic [6, 20, 52], but all
over anion selectivity but weak discrimination among are leukotoxic, and a few very specifically [13, 14, 17,
different cations, quasilinear current-voltage characteris45]. HIyA itself can be cytolytic for neutrophils [5],

tic and the existence of a flickering pre-open state ofmonocytes [7, 23] and granulocytes [22]. A common
small conductance. The selectivity properties of themechanism has been implicated in both hemolytic and
toxin channels appearing in phospholipid vesicles werdeukotoxic activity: the formation of toxin-mediated
also investigated, using a specially adapted polarizationpores in the membrane of the attacked cell [5, 6, 15, 37].
depolarization assay, and were found to be completel{However, this concept was derived from indirect evi-
consistent with that of the current fluctuations observeddences such as increased cell permeability, release of

in excised macrophage patches. soluble molecules and osmotic protection from macro-
] o scopic cell damage.
Key words: HlyA — RTX toxins — Leukotoxicity — Formation of ion channels was directly demon-
Pore Formation — Pore properties — Human macro-strated using planar lipid membranes (PLM) for HIyA [4,
phages — Patch clamp 49] and later for other RTX toxins [2, 3, 42, 57] includ-
ing two very specific leukotoxins [50]. These studies
Introduction have provided a detailed description of the channel prop-

erties. However, it was not clear to what extent these
findings were relevant to the cellular mechanism of leu-
kocytes killing by RTX toxins.

- To approach this problem, we have applied the patch
Correspondence toG. Menestrina clamp technique [29] to human monocyte-derived mac-

Escherichia colihemolysin (HIyA) is a major virulence
factor for someE. coli strains involved in human ex-
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rophages exposed to HlyA. These cells were chosen bd-mu L-glutamine, 50pg/ml vancomycin and 1@g/ml gentamicin)
cause: (I) human monocytes represent a ma]or target dnd incubated under 7.5% g@t 37°C. Medium was Changed every
the toxin during infection [7 23]. (ii) monocyte-derived 5-7 days. Atleast 24 hr before the experiment these cells were scraped

. . ith a rubber policeman and replated at the concentratich s 10°
macrophages are readlly accessible by patch clamp [22(@/elllm| on glass cover slips on the bottom of Petri dishes where cells

25, 46]. We found that HIyA induces in these cells the yere allowed to readhere.

formation of exogenous channels very similar to those

previously observed in PLM, suggesting this mechanism

might indeed be implicated in HlyA cytotoxic action. ~ PATCH CLAMP OF MATURE MACROPHAGES

Glass cover slips with adherent mature HMDM, were transferred to a

1 ml recording Petri dish. Membrane currents mediated by endogenous
channels, or induced by the addition of the hemolysin, were recorded
by the patch clamp technique [29]. The standard pipette solution con-
tained (in mu): KF 110, KCI 5, MgC}, 2, CaCl}, 1.2, EGTA 11, Hepes

10, sucrose 35, buffered to pH 7.3 by KOH. The standard external

buffer solution consisted of (in m): NaCl 150, KCI 5, CaCl 2, Glu-

cose 20, Hepes 10, buffered to pH 7.3 by NaOH. Where indicated, 10
mm tetraethylammoniumchloride (TEA-CI) was added to the external

Materials and Methods

TOXIN

Lyophilyzed E. coli hemolysin used in these experiments was kindly
donated by Sucharit Bhakdi. Hemolytic activity was titrated against

human erythrocytes as described earlier [11, 18] with a final RBC ) -
solution, or the main salt (NaCl 150nm was replaced by 150 mof

concentration in the wells arodrb x 1 cell/ml. Titers were calcu-  the followi its: KCl .
lated as the reciprocal of the dilution givir®0% hemolysis after 1 hr one of the following salts: K_C » GdnCl, T_EA' ClorTBA ) Cl. Elther
the whole-cell or the outside-out excised-patch configurations were

and expressed in HU/ml. Under normal conditions, we found that the
relation between hemolytic activity and molar concentration of HiyA US€¢:
(calculated from its UV absorption using an extinction coefficiesnt,
of 73960m™1 cm™* derived from the amino acid composition) was 1 Application of Toxin
HU/ml = 2 x 10° m.
HIyA was added to the external solution (bathing the cell or patch)
either manually, by an oxford pipette, or via a fast superfusion proce-
ISOLATION AND IN VITRO CULTURE OF MONOCYTE-DERIVED dure. In this last case two pipettes (one containing the bath-control
HumMAN MACROPHAGES solution and the other the same solution plus the toxin) were alterna-
tively positioned in front of the cell, while the solution of the Petri dish
Human blood samples (20-40 ml) were drawn in Heparin (5 U/ml final was continuously renewed at a speed of 1.3 ml/min with toxin-free
concentration) from healthy donors. Peripheral blood mononucleaexternal buffer via a peristaltic pump. This procedure allowed us to
cells (PBMC) were isolated by density gradient centrifugation throughexchange the cell-bathing solution in a few seconds. When the manual
Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) at a density of 1.00Pprocedure was used, excess toxin was eventually washed away from the
g/ml according to the method ofdB/um [10]. Heparinized blood was bath solution by a peristaltic pump (same speed as above). Experi-
diluted with two volumes of Dulbecco’s phosphate buffered saline ments were performed at room temperature. The permeability induced
(DPBS, C&" and M¢* free) and 10 ml aliquots applied to 5 ml Ficoll- by HIlyA was always studied in the presence of 1@ FEA" to reduce
Hypaque in sterile plastic tubes. After 30 min centrifugation at 400 gthe endogenous outward-rectifying potassium currents.
(20°C), the interface layer containing mononuclear cells was collected, Current records were obtained using an Axon 200 amplifier in the
washed three times with RPMI 1640 modified medium (supplementedvoltage-clamp mode. Signals were digitally sampled (maximum sam-
with 10% FCS, 4mi L-glutamine and 20.g/ml gentamicin) at 300 g  pling interval: 200us per point) wih a 4 Mega Atari ST personal
for 10 min (20°C) and resuspended in 1 ml of medium. Cells werecomputer equipped with a 16 bits A/D/A board (Instrutech, EImont,
counted under a phase contrast microscope using a haemocytometd.Y.) and directly stored on the computer hard disk. The resistance of
Cell viability, checked with 0.4% trypan blue [34], was close to 100%. the patch pipettes was in the range of 2 tm@. Patches with a seal
200l aliquots of cell suspension were applied either in 96-well culture resistance=1 c{) were considered in the whole-cell configuration,
plates (for the viability experiments) or on glass cover slips on thewhereas only excised patches with a seal resistance around(100
bottom of Petri dishes (for the patch clamp experiments). Monocytesvere used to study HlyA single channel properties. Analysis of the
were separated from lymphocytes by adherence, i.e., after 2 hr at 37°Current records was performed both on the Atari PC, by the commercial
(7.5% CQ) cells were washed three times with medium to remove all software provided by Instrutech or, by transferring the data to a Mac-
nonadherent elements. Thereafter cells were cultured in RPMI 1640ntosh personal computer. Endogenous potassium currents were ana-
modified medium in 7.5% COhumidified air at 37°C and, at various lyzed only after the capacitive and leakage current were subtracted by
culture days (from 7 to 20), monocytes-derived macrophages weréhe P/4 procedure. As HlyA-induced currents are almost linear over the
used. Medium was changed every 5-7 days. analyzed voltage range, the P/4 procedure was not utilized in that case.
In the viability experiments the percent of permeabilization of Representative experiments were reported to exemplify the effects of
HMDM was determined by the trypan blue uptake assay [34]. 1.5 xthe toxin, however each experiment was repeated at least two to three
10° cell/ml (cell numbers were approximated by counting 3 fields per times on different cells with similar results.
well with a microscope) were incubated for 1 hr at 37°C in DPBS with
the indicated amount of toxin, and then stained with 0.4% trypan blue
for four minutes. Nonviable, stained cells were counted under the mi-CREATION AND DISSIPATION OF TRANSMEMBRANE
croscope. Alternatively the degree of swelling was evaluated visually.POTENTIAL IN LIPID VESICLES
In some control experiments, a mouse macrophage-like cell line
(RAW 264.7, obtained from ATCC) was maintained in monolayer Large unilamellar lipid vesicles (LUVET) comprised of egg PC (from
culture in RPMI 1640 modified medium (supplemented with 10% FCS, Avanti Polar Lipids) or asolectin (from Fluka), were prepared by ex-
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Table. Effects of E. coli HIlyA on the viability of human monocyte-
A derived macrophages
[HIyA]*
(HU/mI) 1000 100 50 10 5 1 0.01
P Nonviablé&
cells [%] 100 100 100 100 286 O 0
Swelling® + + ND +/- ND - -
2Toxin titer was represented by its hemolytic activity on human eryth-
< rocytes; 1 HU/ml means 50% of RBC are lysed within 1 hr.
é‘ P Percent of nonviable (i.e., permeabilized) adherent HMDM as deter-
«Q mined by the trypan-blue assay.
50 ms ¢ Appearance of macroscopic swelling by inspection under the micro-
300 - scope is indicated by +; normal shape by —; a mixed population by +/-.
B ND: not determined.
O
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Fig. 1. Typical human macrophage delayed rectifier potassium cur- 20 ms

rents recorded in the whole-cell configuratioA) Family of outward
potassium currents evoked by 200 msec depolarizing pulses from —20
to 110 mV (in 10 mV increments), stepping from a holding potential of
—-60 mV. Tail potentials to —100 mV. Capacitive and leakage current °
were subtracted using a standard P/4 correction procedr@atas- 2 PY
sium current-voltage characteristics (empty circles), obtained by plot- Y

ting the maximum current from at least three different data files, as a— [ )
function of the step potential. 10NmTEA inhibits the potassium cur- £ 1 °

rent (filled symbols). The effect of TEA was reversibleof showi. = g

trusion of freeze-thawed multilamellar liposomes [33, 44]. The starting L4
lipid concentration was 10 mg/ml. Extrusion was performed by 31 ;|
passages in a LiposoFast Basic unit (from Avestin, Ottawa, Canada) PY
equipped with two stacked polycarbonate filters bearing holes with an : T :
average diameter of 100 nm (Nucleopore). The buffers used for these  -100 -50 0 50 100
experiments, all at pH 7.0, contained Sarhlepes and 200 m of one V(mV)

of the following cations (in a chloride salt form): LiNa", K*, Rb",

Cs', Gdr", TEA* or TBA*. In the rest, these solutions will be indicated Fig. 2. Effects of HlyA on ion currents through HMDM in the whole
simply by the name of the cation. To create a negative inner potentialgell configuration. &) The exposition of the cell to the perfusion pipette
vesicles prepared in the *Kbuffer were suspended at a final lipid containing a concentration of 10 HU/ml of HIyA induced a rapid in-
concentration of 137.g/ml into a quartz cuvette (1-cm path length, crease of the whole-cell current. Bath solution contained LOTHEA
stirred and thermostatted to 23°C) containing a different cation bufferwhich drastically decreases the endogenous potassium cursa@s (
Valinomycin was then added, from a stock ethanolic solution, to a finalFig. 1). Depolarizing pulses from —20 to 90 mV (in 10 mV increments)
concentration of 28 m. To create a positive inner potential, vesicles were applied. Holding potential was —-60 mV, tail potential -~100 mV.
were prepared in TEAbuffer and thereafter treated as above. The (B) Steady-state current-voltage characteristics of the records shown in
formation of an inner potential was detected by addingv68-anilino- panelA. The current leakage before the exposition to the toxin was in
1-naphtalensulfonate (ANS) [53, 54]. Development of a negative innerthe order of 100 pA at 80 mV. No P/4 correction was used in this case.
potential decreases the number of ANS molecules absorbed into the

bilayer through a repulsive interaction and thus reduces the total fluo-

rescence. Under these conditions, the depolarizing effect of a toxin Alternatively, the ability of HlyA to create a selective permeabil-
results in an increase of the observed fluorescence. Correspondingly,ity for the different cations was tested directly by using it in place of
decrease is seen when vesicles bearing a positive inner potential akalinomycin, under otherwise identical conditions. Fluorescence was
depolarized. measured with a spectrofluorometer, either Jasco FP550 or Spex Flu-




116 G. Menestrina et alE. coli Hemolysin Pores in Patch-clamped Human Macrophages

A phages; HRBC: human red blood cells; ATCC: American Type Culture
V(mv) Collection; ANS: 8-anilino-1-naphtalensulfonate; TEA-CI: tetraethyl-
ammonium chloride; TBA-CI: tetrabuthylammonium chloride; Gdn-

-GOLV‘ -100 mV Cl: guanidinium chloride; EGTA: ethylen-glycol-bja@aminoethyl

ether)N,N,N,N’-tetraacetic acid; PC: phosphatidylcholine; LUVET:
large unilamellar extruded lipid vesicles

V=+100 mV

Results

WHOLE-CELL RECORDING

Human macrophages, adherent to Petri dishes, were
patch-clamped in the whole-cell configuration. They ex-
hibited typical potassium currents (FigA)l as indicated
by their reversal potential\{., = —30mV) and by the fact
that they were blocked by TEA (FigB). Previous stud-
ies on macrophages have reported the presence of two
major classes of endogenous channels, both of them se-
lective for potassium: the delayed rectifier and the cal-
cium activated channel [24, 25, 46]. The channels we
observed are of the first type, as clearly indicated by their
voltage dependence. As a matter of fact; Cactivated
K* channels were kept silent under our experimental
conditions by the use of an internal buffer which chelates
all calcium present.
50 ms These cells were quite sensitive to the action of
w1 B HIyA, only about five times less than washed HRBC, as
determined by dye exclusion (Table). At the toxin con-
20 centration used for patch clamp (about 10 HU/mI), cells
around the area of toxin application appeared swollen
after some time, whereas the one under observation re-
mained flat. This indicated that perfusion of internal
proteins through the patch pipette prevented the devel-
-10 opment of an osmotic pressure. Concomitantly, a large
permeability increase developed which could be charac-
20 terized (Fig. 2) using the same voltage protocol as in Fig.
o { 1. This new conductance appeared to be constantly ac-
tivated and poorly selectiv¥,., being close to zero (Fig.
-100 -50 0 50 100 2), as it would be expected for channels formed by the
V(mV) toxin itself [49].
Similar results were obtained in control experiments
Fig. 3. Effects of HIlyA on ion currents through excised HMDM using a murine macrophage cell line (RAW 264.7). This

patches in the outside-out configuratiom) (Typical single channel .
openings recorded in an HMDM patch, after the addition of HIyA at demonstrates that our findings do not depend upon the

concentrations ranging from 0.5 to 10 HU/ml. Voltage protocol is prthcm of preparanon of peripheral bIQOd macrophages,
shown in the upper panel. O and C indicate open and closed level@Nd it confirms also that HlyA, at variance with some
O(-60) indicates open level at -60 m\B)(Single channel current other member of the RTX family [14], is not species
amplitudes plotted as a function of the transmembrane potential. Meagpecific_

values (xsem) were derived averaging current transitions from three

different experiments. The straight line, corresponding to a channel

conductance of 3+ 7 pS(mean +sb), is the best fit. OUTSIDE-OUT EXCISED-PATCH EXPERIMENTS

100 pA

I(pA)

oromax. We us'ed' an excitation wavelength of 380 nm (band pass 5|—O detect the discrete events which gave rise to the new
nm) and an emission wavelength of 490 nm (band pass 5 nm). -4 ctance, we used the outside-out excised-patch con-
figuration. In this way, single channel signals were elic-
ABBREVIATIONS ited (Fig. 3) whose conductance and kinetic properties
HiyA: Escherichia colihemolysin A; RTX: Repeat ToXins; PLM: Were very similar to those observed exposing artificial
planar lipid membranes; HMDM: human monocyte-derived macro- PLM to the same toxin [4, 49, 51]. In particular, as in the
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N yd Fig. 4. HIyA induces the opening of long-lasting
~ Ve channels.Inset shows the section of the record

N delimited by the dotted lines ata higher time and
| M,LL» | current resolution. Note that the rapidly flickering
< -LJ minichannel systematically disappears on the
Chl opening of the standardchannel, thus suggesting
Q that it is a substrate of the large channel. Applied
25 s potential was —60 mV. Other conditions as in
Fig. 3.

model membranes, the pore appeared to fluctuate bgposed to a K carrier like valinomycin, if the other cat-
tween an open and a closed state (although some intelens present are either not transported or transported at a
mediate states were also observed),lthécurve of the lower rate. This derives from the selectivity of the car-
open channel was almost linear, the derived conductanacger and the developed internal potential, detected with
was quite high, 32+ 7 pS in 150 nm external NaCl (Fig. ANS, is either positive, for an inward *Kgradient, or
3B), andV,,, virtually zero indicating almost no selec- negative in the opposite case. We used this property to
tivity between K and N&. A low conductance open study whether the channels formed by HlyA would dis-
state, well described in PLM [4, 51], was also detectedsipate such a potential or not. Dissipation implies that
(Fig. 4). the channel is not selective, whereas maintenance of the
The number of channels appearing in the patch wagotential would indicate that HIyA is at least as selective
dependent on the duration of the exposure to the toxiras valinomycin. We found different behavior of HIyA
(Fig. 5). However, in some cases, after removal of thedepending on the ionic species used (Fi§).7For ex-
toxin from the bath, the number of open channels slowlyample, with the couple K/TBA; , there was virtually no
decreased with time, possibly because of their migratiordissipation, indicating that the selectivity was the same
into the omega region (i.e., the inner contact between thas with valinomycin (i.e., both TBA and chloride are
patch and the pipette) or by degradation of the toxin. impermeant). With smaller cations, e.g., the couple K
The selectivity of these newly formed channels wasGdr,,, dissipation was observed. By this technique we
next studied by varying the composition of the externalcannot determine either the permeability of, because
medium (Fig. 6). We found that the current at positive there is no gradient in this case, or that of Naecause
voltages (cations moving outwardly) was nearly constanits rate of transport by valinomycin is so high that the
under the different conditions, whereas that at negativgotential developed upon addition of the carrier, albeit
voltages (cations moving inwardly) was dependent orobservable, dissipates within a few minutes. We deter-
the type of cation present and was inversely related to itgnined the following sequence for the permeabiliB) (
size. Small cations like Na K", and Gdi had a high through the HIyA channeP,;,=Pggyn+ > Preas > Preas
conductance, whereas large cations, like TE&nd  (Fig. 7A lower traces). In these experiments, we used
TBA™ in particular mode, had a reduced mobility similar buffer solutions as in the cell experiments, i.e.,
through the pore (Figs. 6 and 8). Furthermore, the rethe K buffer was internal. However, exchange of the
versal voltage appeared to be negative with TEhd  external for the internal solution (i.e., TEAK? ), gave
even more with TBA, demonstrating that these cations qualitatively the same result, with a toxin-induced de-
are less permeant than"KThese results are consistent crease in ANS signal (Fig.A’ upper trace). This rules
with a pore large in size and cation selective as the oneut the possibility that the variation of ANS signal upon
demonstrated in PLM [49, 51]. addition of HIyA is due to a direct adsorption of the dye
to the toxin, because in such case an increase should
always be observed. Furthermore, it implies that the se-
LIPID VESICLES TRANSMEMBRANE POTENTIAL EXPERIMENTS lectivity of the channel was the same both for inwardly
and for outwardly directed currents.
To establish whether these new channels were the same Finally, we tried to direct determination of the se-
that are induced by HIyA in model membranes, the sedectivity of the HIlyA pore by simply omitting valinomy-
lectivity of the ionic pores formed by this toxin in lipid cin from the protocol (Fig. B). Asolectin vesicles,
vesicles was evaluated. Vesicles with a transmembraneaded with either TEA or K™, were transferred to a
gradient of K develop an internal potential when ex- solution containing a different cation and ANS. There-
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Fig. 6. Current-voltage characteristics of HIyA single channels re-
corded in cell-free excised outside-out patches. KCl was used on one
side (standard pipette solution) and 15 of either NaCl (standard

10s bath solution), or TEA-CI, or TBA-CI on the other side. The outward
cation current (positive voltages) remains fairly constant whereas the
+60 mV inward current (negative voltages) decreases when the size of the ex-
-60 mV -60 mV ternal cation increases. Note that the reversal voltage (intersection of

the curve with the x-axis) becomes negative with TEhd even more
WMMW with TBA*. Other conditions as in Fig. 3.

of the m.w. of the external cation (for the two kinds of
vesicles) and compared to the single channel conduc-

w)

3 s - tance that was measured at —60 mV in the excised-patch

o . L experiments. A remarkable agreement was observed.

Oz ] This is, to our knowledge, the first example of a direct

OiMM and simple determination of the selectivity of the chan-

(oY nels formed by a pore-forming protein in a lipid vesicle
system.

50 ms

Fig. 5. The number of HIyA channels incorporated into the membrane Discussion
patch depends on the time elapsed from the exposition to the toxin.

TraceA was recorded 10 sec after the exposition of the patch to HlyAMany bacterial toxins have been shown to be able to

(10 HU/mI), applied by the fast perfusion procedure. Thereafter theform pores in model |ipid membranes [48] Among

toxin was removed from the bath. TraBewas recorded 40 min later . . | :
these are both membrane damaging toxins (e.g., besides

and shows that no more channels were incorporated. TCaaed D VA Staphvl in 1471 A
were recorded at 100 sec and 4 min after a new, continuous, expositioh| YA, Staphylococcus aureus-toxin [ ]' eromonas

to the same concentration of HlyA. They show the simultaneous preshydrophilaaerolysin [61] Vibrio cholerahemolysin [41]
ence of two (traceC) and at least 5 (trac®) channels. Note the andPseudomonas aeruginosgtotoxin [58]) as well as
different potential protocol used in trad® (with respect to the first membrane translocating toxins (e.gprynebacterium
threg records), which allows to distinguish the overlapping openings Ofdiphtheriaediphtheria toxin [19], clostridial tetanus and
the five channels. botulinum toxins [31],Bacillus anthracisanthrax toxins

[8] and Pseudomonas aeruginosa exoto&ifi26]). The

physiological role of this pore-forming ability has been
after, they were exposed to HIlyA. Depending on the iondiscussed thoroughly. In the case of membrane-
couple used, we either observed an increase of the flucdamaging toxins, it was proposed that this mechanism
rescence (indicating the development of a positive innemight serve to inflict a lethal damage and to extract
potential) when the external cation was more permeannutrients from the attacked cell. In the case of toxins
than the internal, or a decrease, when it was less pewith intracellular target, it might arrange a tunnel
meant. Thus, the slope of the fluorescence change coulithrough which the enzymic part of the molecule crosses
be used as an estimate of the relative permeability of dhe membrane. However, as a first step to investigate
cation. This parameter is reported in Fig. 8 as a functiortheir physiological role, these channels have to be dem-
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74 Gdny, the conditions of Fig. B, is reportedvs.the m.w. of the cation (open

circles). Open squares are for similar experiments, but with K

containing vesicles. Note that a different scale was used (right) and that

64 TEA, Nagu both TEA" and TBA" gave negative values in this case, proving they

Kout were less permeant than*KThe single channel conductance at —60

mV, determined from ai-V characteristic such as that in Fig. 6, is also
reported for comparison (closed triangles and rightmost ordinate scale).
Dotted line was drawn by eye.

ANS Fluorescence (a.u.)

TEAqu
N TBAou
47__HiyA : : ' form ion channels in the membrane of attacked macro-
0 250 500 750 phages. This could have profound physiological impli-
Time (s) cations since these cells are in charge of the first stages
of the immunological response of the host against the
Fig. 7. Creation and dissipation of transmembrane potential in lipid bacteria. Such pores are very similar to those which
vesicles by HIyA.‘ A) PC ve_s_icles prgpared in*k_buffer were trans-  \vare described in PLM. For example, they exhibit a
ferred to a solution containing a different cation and ANS (lower complex gating mechanism, quctuating between a fuIIy

traces). Thereafter, first valinomycin and then HIyA were added (as tat | duct tat d | d state [4
indicated). Valinomycin caused the formation of an inner negativeOpen state, a low conductance state and a closed state [ !

potential, as reported by the decrease of ANS fluorescence. After ad@1]. Only the fully open and the closed state have a long
dition of HlyA, the fluorescence remained constant with TBdi-  lifetime, whereas the low conductance state is populated
cating that all ionic species, except Kvere impermeant. In the other very shortly. These substrates possibly correspond to
cases it increased, indicating that the second cation species was algfifferent configurations of the protein. The channel, in
permeant. In the upper trace (right scale) tge protocol was similar, bu{he open state has a Iarge conductance and displays cat-
TEA*-loaded vesicles were transferred to &olution. In this case a . T :
positive inner potential developed after valinomycin, indicated by thelon_SEIeCtIVIty’ .€., anions are m.UCh less pe_rmanent than
increase in ANS fluorescence, whereas HlyA again produced a reduccations. However, up to th_e size of*Kca_t!ons flow
tion of the transmembrane potential. Final concentration of lipid vesi-through the channel according to the mobility they have
cles, ANS, valinomycin and HlyA were 137g/ml, 6 um, 28 v, and  in solution [30], suggesting the pore is lined with water
20 HU/ml respectively. Emitted fluorescence was measured at 490 nn{4, 49]_ With Iarger cations the permeability decreases,
excitation was at 380 nm and both slits were set at 5 @nAgolectin - probably because of the steric hindrances encountered
vesicles loaded with TEAwere transferred to a solution containing the ; ; i _
indicated cation and ANS. After addition of HiyA (indicated by an VM€ Passing through the pore. The selectivity proper
arrowhead) the fluorescence usually increased, indicating the develo;1t;|e,S _Of the permeability induced by the toxin in a p.urely
ment of a positive inner potential implying that the external cation was ipidic membrane was found to be completely consistent.
more permeant than TEAA decrease was observed only with TBA ~ This validates the use of such a simple system to get
confirming that this cation was less permeant than TEperimental  information on the mode of action of bacterial toxins.
conditions as im except that valinomycin was omitted. Furthermore, to derive such data from lipid vesicles we
have developed a new and simple assay which might
prove of general interest and application.
onstrated in the respective target cells. Such studies are On the basis of osmotic protection it was proposed
best performed using the patch clamp technique, and arthat HlyA induces red blood cells lysis via a colloid
only now beginning to appear [1, 21, 35, 38]. osmotic shock ensuing from the formation of hydrophilic
Our experiments indicate th&t colihemolysin can  pores on their plasma membrane [6]. In this paper, we
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demonstrate that probably also its leukotoxic effects do
in fact result from its ability to make pores in white cells.

Pasteurella haemolyticaleukotoxin on isolated bovine neutro-
phils. Toxicon27:797-804

15. Clinkenbeard, K.D., Mosier, D.A., Confer, A.W. 1989. Transmem-
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