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Summary. Vero cells exposed to diphtheria toxin at pH 4.5 leak
monovalent cations but not amino acids or phosphorylated me-
tabolites; affected cells do not take up trypan blue. Monovalent
cation leakage is inhibited by 1 mm Cd?*, but not by 1 mmM Zn?* or
Ca?. Cd?>* blocks calcein leakage from liposomes and closes
diphtheria toxin-induced channels in lipid bilayers. It is con-
cluded that translocation of the A fragment of diphtheria toxin
across biological membranes does not depend on the formation
of large stable pores, but that small Cd**-sensitive pores may
play a role.
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Introduction

Bacterial and plant toxins such as diphtheria (Col-
lier, 1975; Pappenheimer, 1977), cholera (Holm-
gren, 1981), tetanus (Van Heyningen, 1980; Mel-
lanby & Green, 1981), botulinum (Sugiyama, 1980),
abrin or ricin (Olsnes & Sandvig, 1983) kill cells by
inhibiting key intracellular processes. Each toxin
consists of an A polypeptide chain linked through
an S-S bond to a B chain: the A chain is the toxic
component; the B chain, which binds to, and be-
comes inserted into, the plasma membrane of sus-
ceptible cells, somehow enables the A chain to
cross the membrane and gain entry to the cyto-
plasm. The best-studied of these toxins is diphtheria
toxin, and in that case it has been shown that inser-
tion of the B chain, and hence transfer of the A
chain, requires a low pH (Sandvig & Olsnes, 1980).

In order to explore the mechanism of transfer,
studies aimed at elucidating the kind of membrane
lesion induced by the B chain have been carried out.
The results have been paradoxical. On the one hand
conductivity measurements with planar lipid bilay-
ers have shown the formation of narrow channels
by the B chain (Donovan et al., 1981) or by a frag-

ment thereof (Kagan, Finkelstein & Colombini,
1981; Misler 1983); on the other hand experiments
on leakage of variously sized molecules across lipo-
somal membranes induced by cleaved toxin
(Zalman & Wisnieski, 1984) or by a B chain (Kagan
et al., 1981) have indicated a pore size large enough
to allow molecules of up to 1500 Da to cross, the
implication being that such a channel would allow
the A chain (21,000 Da) to cross the membrane. A
channel of those dimensions would be comparable
in size to the pores formed by another class of
toxin, namely one that damages cells directly by the
creation of pores large enough to allow leakage of
ions, metabolic intermediates and, in some in-
stances, proteins, out of cells (Bhakdi & Tranum-
Jensen, 1987). The functional sizes of the lesions
that are formed by such agents, which include the
terminal membrane attack complex of complement
(Mayer, 1972; Bhakdi & Tranum-Jensen, 1984;
Muller-Eberhard, 1984) and the cytolysin or per-
forin of cytotoxic lymphocytes (Henkart, 1985;
Young, Cohn & Podack, 1986) are not fixed but
vary both with the amount of agent inserted into the
membrane (e.g., Sims & Lauf, 1980) and with time
(e.g., Bashford, Micklem & Pasternak, 1985). Nev-
ertheless pore sizes similar to that proposed for
diphtheria toxin (diam. > 1.8 nm, Kagan et al.,
1981; diam. 2.4 nm, Zalman & Wisnieski, 1984)
have been reported in the case of haemolytic Sendai
virus (diam. =1 nm; Wyke et al., 1980), Staphylo-
coccus aureus « toxin (diam. 1-2 nm; Bhakdi &
Tranum-Jensen, 1988) and low doses of comple-
ment (diam. =~2.3 nm; Sims & Lauf, 1978). Lesions
induced by these agents have certain properties in
common. These include the leakage of phosphory-
lated metabolites (Pasternak & Micklem, 1973;
Thelestam & Mollby, 1979) from cells and a charac-
teristic sensitivity towards divalent cations (Im-
praim, Micklem & Pasternak, 1979; Thelestam &
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Mollby, 1980) such as Ca?" (Bashford et al., 1984)
or Zn** (Bashford et al., 1986). We have used these
criteria to examine the membrane-damaging action
of diphtheria toxin in Vero cells, liposomes and
lipid bilayers and conclude that the formation of
stable pores of diam. > 1.8 nm, similar to those
formed by ‘pore-forming’ agents, is not a prerequi-
site for the inhibition of protein synthesis by diph-
theria toxin.

Materials and Methods

CELLS

Vero (African green monkey kidney) cells were grown as a
monolayer in Dulbecco’s Modified Eagle’s medium supple-
mented with 10% fetal calf serum (Flow Laboratories), 50 pg/ml
penicillin, 50 IU/ml streptomycin, 1.7 g/l NaHCO;, pH 7.3 in a
5% CO, air incubator.

LiroSOMES AND PLANAR LIPID BILAYERS

Asolectin, purified as described by Kagawa and Racker (1971)
was from Sigma. Liposomes were prepared by sonicating
(Braunsonic 1510 with a needle probe operated intermittently for
a total of 5 min at 100 W) 12.5 mg/ml asolectin in 80 mm calcein
in 50 mmM NaCl pH 7.0 (NaOH). The sonicate, which contained
mainly small, unilamellar vesicles, was applied to a column of
Sephadex G50 and eluted with 160 muM NaCl, 10 mm HEPES, pH
7.0 (NaOH); the fractions used for leakage experiments con-
tained >80% entrapped calcein. Planar lipid bilayers of asolectin
were prepared as previously described (Bashford et al., 1988a).

ToxIN AND OTHER CHEMICALS

Nicked diphtheria toxin (Drazin, Kandel & Collier, 1971) was a
gift from Dr. S. Olsnes. Partially-purified cytolysin (2 protein
bands by SDS gels) from cytotoxic LGL tumors (Blumenthal
et al., 1984) was a gift from Dr. P.A. Henkart. [*H]choline,
[*H]2 deoxy-D-glucose (dGlc), ["*C]2-amino-iso-butyrate (AIB),
[“Clcycloleucine, [**S]i-methionine and sodium [*S]sulphate
were from Amersham International. DIDS was from Sigma.
HEPES-buffered saline (HBS) was prepared as previously de-
scribed (Bashford et al., 1988a).

LeAXAGE FroMm CELLS

Vero cell monolayers were washed, exposed to [*H]dGlc and
either [“CJAIB or [“Clcycloleucine in HBS for 1 hr at 37°C.
Under these conditions, much of the [*H]choline and [*H] dGlc is
converted to phosphoryl[*H]choline and [*H]dGlc 6-P, respec-
tively (Impraim et al., 1980; Wohlheuter & Plagemann, 1980;
Pasternak, Whitaker-Dowling & Widnell, 1988), which only leak
out of damaged cells; [“CJAIB and [“C]cycloleucine, which are
concentrated but not metabolized by cells, leak out irrespective
of cell damage. Isotope-containing solutions were replaced by
diphtheria toxin in HBS (or HBS alone) (0.5 m! per 35-mm dish)
and the cells processed as follows. After 15 min at 37°C, toxin
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was removed and replaced by low pH medium (150 mm NaCl,
S mmM KCl, 10 mm MES, pH 4.5; MES-BS) and incubated at 37°C
for 5 min; under these conditions, bound diphtheria toxin enters
the cells (Sandvig & Olsnes, 1980). The low pH medium was then
replaced by HBS and leakage at 37°C of radioactively labeled
metabolites out of cells, or entry of sodium [¥S]sulphate into
cells, assessed.

ASSAY OF INTRACELLULAR CATIONS

Vero cell monolayers during the low pH treatment, or during the
subsequent incubation in HBS, or during the subsequent expo-
sure to [¥S]methionine (see below) were washed three times
with 150 mM choline chloride and extracted with 0.1% triton
X-100 in 0.1 M LiNO; in H,SO,, and Na* and K~ content mea-
sured by atomic absorption. Leakage of K from damaged cells
is accompanied by leakage of Na™ into cells, with little change in
the total cellular content of Na~ plus K* (Bashford et al., 1985;
1988a). A convenient index of cation leakage is the relative Na*
content of the cells, namely Na*™/(Na+ + K*) which has a value
close to 0.13 for control Vero cells (untreated with diphtheria
toxin) and which can rise to a maximum value of 0.97 when the
intracellular and extracellular pools of Na* and K* have equili-
brated. In the present experiments the Na* and K* contents of
control Vero cells were 81 = 17 and 564 * 91 nmol/ug protein,
respectively (mean = sp, n = 20).

ASSAY OF PROTEIN SYNTHESIS

Vero cell monolayers following the low pH treatment were incu-
bated in Eagle’s Minimal Essential medium containing 10 mm
NH,Cl for 2 hr at 37°C. The medium was replaced by
methionine-free Eagle’s Minimal Essential medium containing
[33S]L-methionine and incubated at 37°C. At intervals, this me-
dium was removed, the cells washed with 150 mM choline chlo-
ride and extracted in ice-cold 5% TCA containing 0.1 M LiNO;;
the TCA soluble fraction was assayed for monovalent cations,
and the TCA-insoluble pellets were dissolved in 1 N NaOH and
assayed for ¥S content and protein content by the method of
Lowry et al. (1951). [**S]methionine incorporation into TCA-
insoluble material was linear over a 30-min time course.

LEAKAGE FrROM LIPOSOMES

Liposomes containing calcein were incubated in 160 mM NacCl,
10 mM HEPES, pH 4.5 (an essentially unbuffered solution) or the
same adjusted to pH 7.0 with NaOH at room temperature in a
Perkin-Elmer MPF-44A spectrofiuorimeter. Calcein fluores-
cence was excited at 490 nm and recorded at 520 nm; excitation
and emission slit-widths were 10 nm. Maximal leakage was as-
sessed by lysis in 0.025% triton X-100.

CoNDUCTIVITY OF LIPID BILAYERS

Conductivity was measured as described by Bashford et al.
(19884). Diphtheria toxin was added to the bathing solution on
one side (cis side); that compartment was connected to the vir-
tual ground and voltage signs are referred to it.
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Fig. 1. Leakage of °H (largely as dGlc 6-P) and “C {unmodified AIB) from, and uptake of
50L [¥SQ,] by, Vero cells treated with diphtheria toxin or cytolysin. Cells either labeled with
[*H]dGlc and [“C]JAIB (A-H) or unlabeled (I and J) were incubated in HBS at 37°C
without (circles) or with (triangles) 0.21 ug diphtheria toxin/ug cell protein for 15 min.

I50r g The medium was removed and cells incubated in pH 4.5 medium (A-D, G, H and J) as
described in Materials and Methods or in HBS (E, F and I) for an additional 5 min. pH
100+ 4.5 medium and HBS were then replaced by HBS without (O, A) or with (A-H) 0.1 mM
CaCl, (@) or 5 mm CaCl, (O, A, A) or 0.1 mm ZnSO, (@, A) or 0.1 mMm ZnSO, and 0.1
50k myM CaCl, (W) in the absence or presence (squares) of 14.5 ng cytolysin/ug cell protein;
in (J) 1075 M DIDS (@, A) was also present. Leakage of *H and “C (A~H) and uptake of
—4 . R [**S0,] (I and J) at 37°C was assessed at the times indicated
0 5 10 15
Time /min
Abbreviations Vero cells preincubated with these isotopes are ex-
posed to diphtheria toxin (at pH 4.5), some “C but
HEPES: N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic no *H leaks out; the leakage of 4C is unaffected by

acid

MES: 2-[N-morpholino]ethanesulfonic acid

HBS: HEPES buffered saline

DIDS: 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid
AlB: 2-aminoisobutyrate

Results

DipHTHERIA ToxIN DOES NOT INDUCE
METABOLITE LEAKAGE FrROM VERO CELLS

In order to measure the leakage of phosphorylated
and unphosphorylated low molecular weight metab-
olites simultaneously, cells were preincubated with
[*H]dGlc and ['*C]AIB; most of the [*H]dGlc is con-
verted to [PH]dGlc 6-P under these conditions (Im-
praim et al., 1980; Wohlheuter & Plagemann, 1980),
while the ["*C]AIB remains unmodified. When such
cells are washed and reincubated, some *C but little
H leaks out (e.g., Pasternak et al., 1988): in the
presence of a pore-forming agent, leakage of both
C and *H is enhanced (Impraim et al., 1980). When

Ca?* or Zn?* (Fig. 1A and B). At no concentration
of diphtheria toxin tested was any leakage of *H
(i.e., of dGlc6-P) apparent. In contrast, Vero cells
exposed to cytolysin isolated from cytotoxic lym-
phocytes leak both “C and *H; leakage is inhibited
by 0.1 mm Zn?" (Fig. 1C and D), as previously dem-
onstrated for Lettre cells (Bashford et al., 19885).
In order to confirm that the smali amount of
[“C]AIB leakage that occurs after treatment with
diphtheria toxin is indeed due to toxin-induced
membrane damage, the experiment was repeated
under conditions in which Vero cells were exposed
to toxin at pH 7.4 as well as at pH 4.5. No leakage
of *H occurred after exposure to toxin at either pH
(Fig 1E and G); '“C leakage occurred only after
exposure to toxin at pH 4.5 (Fig. 1F and H). In
contrast, leakage of *H and *C induced by lympho-
cyte cytolysin was greater at pH 7.4 than at 4.5 (Fig.
1, compare E and F with G and H), since H™, like
Ca’?" and Zn?", inhibits leakage induced by cytoly-
sin (Bashford et al., 1988b). Leakage of phosphoryl
[*Hlcholine from Vero cells prelabeled with
[*H]choline was not induced by exposure (at pH
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Fig. 2. Leakage of cations from diphtheria toxin treated Vero
cells. Cells were incubated at 37°C in MES-BS pH 4.5 without
(O) or with 0.2 ug diphtheria toxin/ml in the absence (@) or
presence of 1 mm CdSO, (A) or 10 mM CaCl, (W). After 5 min the
medium was replaced by HBS, pH 7.4 and incubation at 37°C
continued. Intracellular Na* and K+ were assessed after washing
cells with 150 mM choline chloride as described in Materials and
Methods

4.5) to diphtheria toxin, in contrast to its leakage
from cells exposed to lymphocyte cytolysin, S. au-
reus « toxin, melittin or other ‘pore-forming’ agent.
Nor do diphtheria toxin-treated cells take up trypan
blue (results not shown). Further evidence that
diphtheria toxin had indeed been inserted into Vero
cell membranes at pH 4.5 was obtained by measure-
ment of DIDS-sensitive 3S0O3 ™ uptake, which is in-
hibited by toxin (Olsnes & Sandvig, 1986): Fig. 11
and J, shows that 3SO;™ uptake was indeed inhib-
ited after exposure of Vero cells to diphtheria toxin
at pH 4.5, but not at 7.4.

Since [“CJAIB is accumulated by cells partially
as a result of an inward-directed Na* gradient, any
leakage of [“C]JAIB caused by diphtheria toxin (Fig.
1B and F) might be due to collapse of the Na*
gradient. As shown below, this is a likely possibil-
ity, especially as AIB leakage takes place after
Na*/K* leakage has taken place. Moreover leakage
of [*C]cycloleucine, which unlike AIB is not accu-
mulated by linkage to the Na* gradient (Le Cam &
Freychet, 1977; Christensen, 1984), is not affected
by treatment of Vero eells with diphtheria toxin
(data not shown).

MoNOVALENT CATION LEAKAGE AND INHIBITION
OF PROTEIN SYNTHESIS INDUCED BY DIPHTHERIA
ToxiN IN VERO CELLS Is INHIBITED By Cd?*

Diphtheria toxin (at pH 4.5) induces rapid leakage
of K* from, and Na* into Vero cells (Fig. 2). As
soon as the pH is restored to 7.3, leakage stops and
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some recovery takes place. This is in contrast to the
inhibition of 33SO3~ uptake, which is manifest after
the pH has been restored to 7.5 (Fig. 11 and J).
Cd?* (Sandvig & Oilsnes, 1988), and to a lesser ex-
tent Ca2* but not Zn?*, prevent leakage (Fig. 2 and
Table 1). The efficacy of Cd** over Ca* or Zn>" as
a protectant is not related to a special property of
Vero cells. Vero cells treated with §. aureus «
toxin, for example, are protected against Na*/K*
leakage (and against phosphoryl[*H]choline leak-
age) by Zn2* > Cd** > Ca?*, just as are Lettre cells
and erythrocytes (Bashford et al., 1988a).

Inhibition of protein synthesis is likewise re-
lieved, at least partially, by Cd?** (Table 1), pro-
vided it is present during the pH 4.5 treatment. Cd?>*
added after the pH is restored to 7.5, e.g., during
the period that [¥*S]methionine incorporation is
measured, is ineffective. Ca?* and Zn?* added dur-
ing the pH 4.5 treatment are less effective than
Cd**. The data of Table 1 also show that at low
doses of diphtheria toxin protein synthesis is inhib-
ited in the absence of an effect on monovalent cat-
ion leakage; this confirms another recent report (Pa-
pini et al., 1988).

CALCEIN LEAKAGE FROM LIPOSOMES, AND
CoNDUCTIVITY ACROSS LIPID BILAYERS,
INDUCED By DiPHTHERIA ToxXIN Is INHIBITED
By Cd?*

Asolectin liposomes loaded with calcein leak cal-
cein when diphtheria toxin is added at pH 4.5 (Fig.
3). This implies the creation of relatively large (1-2
nm diam.) lesions in such liposomes. Cd** reduces
the rate and extent of leakage; Ca>* and Zn?* are
relatively ineffective (Table 2). Inhibition by Cd?*
appears to be reversible, in the sense that if EGTA
is added 2 min after diphtheria toxin, leakage begins
immediately; ordinarily a short lag is discernible be-
fore leakage begins (Fig. 3). This result indicates
that the leakage of calcein following removal of
Cd?** by chelation is not due to the formation of new
lesions by any diphtheria toxin that might have been
displaced by Cd2*, but rather to the ‘opening’ of
preformed, or potential, lesions. .
Leakage of calcein by diphtheria toxin requires
() low pH (Table 2 and Fig. 3) and (ii) negatively
charged liposomes :liposomes composed of 1:1
1-palmitoyl-2-oleoyl-phosphatidylcholine : choles-
terol (neutral) require >20 times as much diphthe-
ria toxin to initiate leakage as do liposomes com-
posed of asolectin (negatively charged). This is in
keeping with the observations of Alving et al. (1980)
that diphtheria toxin binds better to negatively
charged, than to neutral, lipids and of Donovan,
Simon and Montal (1982) that bilayers composed of
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Table 1. Effect of diphtheria toxin on monovalent cations and protein synthesis in Vero cells

Monovalent cations? Protein synthesis
Na/Na + K % relative [3S] incorporation % inhibition of
leakage® % inhibition of relative protein
synthesis®

No toxin 0.13 — 6425 + 3722 —
+1 mmM Cd 0.13 — 5697 + 2033 —
+1 mM Zn 0.11 — 4476 + 1932 —
+10 mM Ca 0.13 — 6661 + 2505 —
0.01 wg toxin/ml 0.13 0 1542 = 380 76
+1 mm Cd 0.10 0 2474 = 222 574
+1 mM Zn 0.11 0 996 + 193 78
+10 mM Ca 0.13 0 2217 = 851 67
0.1 ug toxin/mi 0.30 20 450 = 229 93
+1 mm Cd 0.14 14 792 £ 302 86
+1 mMm Zn 0.27 19 343 = 208 92
+10 mM Ca 0.18 64 621 = 209 91

2 The values of monovalent cations shown refer to cells assessed during the pH 4.5 treatment. Where
leakage occurred, it had returned to control values by the time protein synthesis was measured.

b Leakage is expressed relative to the respective control (£ divalent cation).

¢ Percent inhibition of protein synthesis is expressed relative to the respective control (= divalent
cation).

All values quoted are means (=sD) of two or three separate experiments.

4P < 0.05 that relatjive cation leakage or inhibition of relative protein synthesis is unaffected by
divalent cations.

A | B =
90} ! - ]
Spg/mi . Sug/mi |
toxin [ toxin 0
l pH45' ‘ g Fig. 3. Leakage of calcein from asolectin
2 6o} | L liposomes induced by diphtheria toxin.
; | Asolectin liposomes (10 ug lipid/ml),
2 containing calcein, suspended in 160 mm
g;’ : NaCl, 10 mm HEPES, pH 4.5 (4 and B) or
g | ¢ pH 7.0 (A) without (4) or with (B) I mM
E 30+ ) L CdSO, at 22°C. Toxin, triton X-100 and
| EGTA were added to give the final
pH 70 [ 0.025 % concentrations indicated. In the
0025 %' f 5mM T Triton X-100 experime-nts illustr-ated in (B) EGTA was
Triton X-100 EGTA added prior to toxin (trace a) or two min
0 OL :-l) GL (S 3 ; after toxin (trace b)

Time / min

asolectin are more sensitive to diphtheria toxin than  chain (Donovan et al., 1981) or a mutant thereof
those composed of phosphatidylethanolamine or  (Kagan et al., 1981). The ‘nicked’ diphtheria toxin
other phospholipids. Even toxins that insert at neu-  (i.e., containing most of the A and B chain) used in
trality, such as tetanus toxin, yield bigger single-  the present experiments gives a similar response. In
channel conductances in negatively charged, than  the presence of 1 mm Cd?*, channels close (Fig. 4).
in neutral, phospholipid bilayers (Hoch et al., 1985;  The effect is similar when the Cd2* is present cis, or
Gambale & Montal, 1988). cis and frans; the latter result rules out an effect of

Phospholipid bilayers composed of asolectin ~ Cd** resulting mainly from an alteration of surface
form channels when exposed to diphtheria toxin B charge due to binding of Cd2* to the negative asolectin
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Table 2. Effect of divalent cations on diphtheria toxin-induced
leakage of calcein from liposomes

Leakage (%)

Diphtheria toxin 56
+1 mM Cd 23
+1 mMm Ca 49
+1 mMm Zn 52
+10 mMm Cd 11
+10 mmMm Ca 35
+10 mM Zn 52

2 Asolectin liposomes were incubated at 10 ug/ml at pH 4.5 at
22°C without or with CdSO,, CaCl, or ZnSO, at the concentra-
tions indicated. The extent of leakage induced by S pg/ml diph-
theria toxin was assessed 10 min later.

bilayer(seeHille, 1984). Closure by Cd** appearstobe
irreversible, in that it was not possible to regain
channelsateithernegativeorpositive voltage.Ca>* (10
mMm)andZn?* (Smm)were without significanteffecton
diphtheria toxin-induced channels.

Discussion

The aim of this work has been to compare the mem-
brane lesions induced by diphtheria toxin with those
induced by ‘pore-forming’ agents such as S. aureus
o toxin, melittin, activated complement or the cy-
tolysin of cytotoxic lymphocytes. Since membrane
insertion by diphtheria toxin requires a low pH
(Sandvig & Olsnes, 1980), all experiments were
conducted at pH 4.5, with a ‘nicked’ preparation
(Drazin et al., 1971) containing both A and B
chains. The main conclusion to be drawn is that
diphtheria toxin differs from the other agents we
have studied in one regard (apart from the require-
ment for low pH) but resembles them in another.
Unlike classical ‘pore-forming” agents, diphthe-
ria toxin does not lead to the leakage of phosphory-
lated metabolites such as 2-deoxyglucose 6-P or
phosphoryl choline from cells (Fig. 1); this is in
keeping with the observation that anions such as
sulphate or chloride do not leak out either (Sandvig
& Olsnes, 1988); the selectivity for transport across
phospholipid bilayers is complicated (Hoch et al.,
1985). Rapid leakage of Na® and K* does occur
(Fig. 2; Papinini et al., 1988; Sandvig & Olsnes,
1988), which indicates that failure to observe metab-
olite or anion leakage is not merely the result of
pores being shut at the low pH (Bashford et al.,
1986, 1988a). Hence there is no evidence for a sta-
ble channel of >1.8 nm in diameter being formed in
cells. The fact that liposomes form such channels
(Kagan et al., 1981; Zalman & Wisnieski, 1984; Fig.
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Fig. 4. Effect of Cd?* on diphtheria toxin-induced currents in
planar bilayers. Asolectin bilayers in 0.1 M KCl, 0.005 M MES,
pH 5.5 at 23°C with 25 ng diphtheria toxin/ml (cis). Voltage (—40
mV) and CdSO, (1 mmM) applied as indicated. (4) No Cd?*; (B)
Cd?* cis; (C) Cd** cis and trans

3) indicates that caution has to be exercised in ex-
trapolating from purely lipidic vesicles to natural
membranes. The same situation has been found in
regard to lesions induced by C. perfringens 6 toxin:
this induces the leakage of molecules as large as
fluorescein dextran {20 kDa) from liposomes, but no
leakage at all from Lettre cells (Menestrina,
Bashford & Pasternak, 1990). Surprisingly, the
results of bilayer experiments with diphtheria toxin
(Fig. 4) are more in keeping with the situation in
whole cells, in that they indicate a rather small
channel (=6 pS at 0.2 M NaCl: Donovan et al., 1981;
=10 pS at 0.1 M KCI: Kagan et al., 1981; 7 pS at 0.1
M KCI: Misler, 1983).

As with classical ‘pore-forming’ agents, diph-
theria toxin induces divalent cation-sensitive pores
in cells (Fig. 2; Sandvig & Olsnes, 1988), liposomes
(Fig. 3) and bilayers (Fig. 4). In every case, Cd?" is
more potent than Zn?* or Ca** (Tables 1 and 2).
This is not the situation with regard to S. aureus «
toxin, Sendai virus, melittin, polylysine or triton X-
100 in Lettre cells or erythrocytes, in which Zn?" is
as active as Cd?*, and in some instances actually
more so (Bashford et al., 1988a). On the other hand,
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we have recently found that leakage of calcein from
liposomes exposed to S. aureus a toxin, melittin or
triton X-100, at pH 4.5 or pH 7.0, is also more sensi-
tive to Cd?* than to Zn?* (C.L. Bashford & C.A.
Pasternak, unpublished observation). Further work
on the extent to which different divalent cations
‘gate’ (Menestrina, 1986) or block agent-induced
channels should lead to a better understanding of
the nature of the pores in specific instances.

So far as the relevance of pore formation by
diphtheria toxin to the mechanism of its entry into
susceptible cells is concerned, i.e., to the mecha-
nism whereby the A fragment crosses the mem-
brane from an endocytic (low pH) vesicle to the
(neutral) cytoplasm, we draw two conclusions: (i) A
stable pore of the dimensions induced in liposomes
is unlikely to be involved; the possibility that a
short-lived pore of this size is transiently formed
cannot be excluded, but is rendered unlikely by the
fact that ‘flickering’ between small and large chan-
nels in bilayers has not been observed (e.g.,
Donovan et al., 1981; and our unpublished observa-
tions). (ii) On the other hand, a smaller pore,
through which cations but not anions or zwitter-
ionic amino acids like AIB or cycloleucine (Fig. 1)
are able to move, does appear to be involved. Even
at low doses of diphtheria toxin, at which protein
synthesis is inhibited in the absence of measurable
cation leakage (Table 1; Papini et al., 1988), Cd=* is
still an effective inhibitor (Table 1; Sandvig &
Olsnes, 1988); since in these experiments Cd*t was
added after any unabsorbed diphtheria toxin was
removed, its action cannot be merely to prevent
binding of diphtheria toxin. We note that a single
pore in a cell, which would be sufficient to allow a
molecule of diphtheria toxin to enter and inhibit
protein synthesis (Yamaizumi, Mekada & Uchida,
1978), might not lead to measurable cation leakage
if the Na*/K* pump continues to operate. If the
formation of small Cd?*-sensitive pores does prove
to be part of the mechanism whereby diphtheria
toxin crosses membranes, it will be instructive to
see whether similar pores are involved in the trans-
location of other ‘A-B’-type toxins such as tetanus
or botulinum (Hoch et al., 1985; Donovan &
Middlebrook, 1986; Gambale & Montal, 1988), or
indeed of proteins in general.

We are grateful to Dr. S. Olsnes for gifts of diphtheria toxin and
for valuable discussion, and to the Cell Surface Research Fund
for financial support.
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