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Abstract. Diphtheria toxin (DT) forms cation selective large part of the transmembrane domain (T-domain)
channels at low pH in cell membranes and planar bilaystrongly affect the overall channel activity expressed as
ers. The channels formed by wild-type full length toxin Ag,, and the gating kinetics of single channels. This in-
(DT-AB), wild-type fragment B (DT-B) and mutants of dicates clearly that the channel activity observed in DT-
DT-B were studied in the plasma membrane of Veroexposed Vero cells at low pH is inherent to DT itself and
cells using the patch-clamp technique. The mutationsiot due to DT-activation of an endogenous channel.
concerned certain negatively charged amino acids within
the channel-forming transmembrane domain (T-domain)key words: Diphtheria toxin — Membrane transloca-
These residues might interact electrostatically with cattion — |on channel — Site directed mutagenesis —
ions flowing through the channel, and were thereforepatch clamp
exchanged for uncharged amino acids or lysine. The in-
crease in whole-cell conductance induced by toAi,,,
was initially determined. DT-AB induced &n0-fold  Introduction
lower Ag,, than DT-B. The mutations DT-B E327Q,
DT-B D352N and DT-B E362K did not affecAg,,, Many bacterial protein toxins, such as diphtheria toxin,
whereas DT-B D295K, DT-B D352K and DT-B D318K pseudomonas exotoxin A, anthrax toxin, tetanus toxin
drastically reducedg,, Single channel analysis of DT- and cholera toxin, are composed of an enzymatic moiety
B, DT-AB, DT-B D295K, DT-B D318K and DT-B (A-domain) which is able to enter target cells by help of
E362K was then performed in outside-out patches. Na second moiety (B-domain), which binds to cellular re-
differences were found for the single-channel conduc<eptors and facilitates membrane translocation of the A-
tances, but the mutants varied in their gating characterdomain. This family of toxins is therefore often referred
istics. DT-B D295K exhibited only a very transient to as A-B-toxins [21]. Diphtheria toxin (DT) is one of
channel activity. DT-AB as well as DT-B D318K dis- the most potent bacterial toxins, entry of only one mol-
played significantly lower open probability and mean ecule is sufficient to kill a cell [31]. The toxin is secreted
dwell times than DT-B. Hence, the lower channel form-from Corynebacterium diphtheriaas a polypeptide of
ing efficiency of DT-AB and DT-B D318K as compared 58 kDa [11], which is proteolytically cleaved in an ar-
to DT-B is reflected on the molecular level by their ten- ginine-rich region to yield fragments A (21 kDa) and B
dency to spend more time in the closed position and th€37 kDa), held together by a disulfide bridge [23]. Frag-
fast flickering mode. ment A is the enzymatically active part that ADP-
Altogether, the present work shows that replace-fibosylates elongation factor 2, thereby inhibiting protein
ments of single amino acids distributed throughout asynthesis [6]. Fragment B binds to the cellular receptor
and inserts into the membrane when it meets the low pH
in endosomes, thereby enabling fragment A to cross the
* Present addressDivision of Biology 156-29, California Institute of barrier of the endosomal membrane and enter the cyto-
Technology, Pasadena, CA 91125. sol.
The crystal structure of DT [2, 3, 5] revealed that
Correspondence tdS. Olsnes fragment B contains two structural domains (Fig. 1).
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= THG topology of the membrane-inserted diphtheria
THs' toxin. Mutated amino acids are highlighted with

206 297 347 black spheres. TH1-TH9: Alphahelical stretches of
%— the translocation-domain according to [2];
R-domain: receptor-binding domain (modified

after [20]). The top represents the outside of the
membrane, the bottom the cytosolic side.

The R-domain, which confers receptor binding, consistchannel had a conductanceld0 pS, which is substan-
of a flattened3-barrel in a jelly-roll-like topology, remi- tially different from the conductance @10 pS in arti-
niscent of variable domains in immunoglobulins. Theficial membranes [8, 13]. The latter result can be inter-
T-domain is formed by ten alpha helical domains (TH1-preted in two ways: (i) Interaction of DT with its native
TH9, THY'). These helices are arranged in three layersreceptor alters the channel properties [14]. (ii) The re-
with the long apolar helices TH8 and TH9 in the center,cordings from Vero cells did not represent the DT-
flanked by TH5-TH7 which also contain hydrophobic channel but instead showed an endogenous channel pre
residues, and the hydrophilic helices TH1-TH3. The hy-sent in Vero cells that is activated by DT. Indeed, a
drophobic helical hairpins TH8/TH9 and TH5-TH7 are nonselective cation channel with similar properties as the
believed to insert into the membrane at low pH. one described in ref. 9 has been characterized in MDCK

DT, like many other toxins from the A-B family, renal epithelial cells [7]. This channel is activated by
inserts into artificial membranes and forms an ion chan-Maitotoxin. Furthermore, calcium-activated, nonselec-
nel [8, 13]. This channel has been characterized to &ive cation channels with conductances around 30 pS
large extent and its topology in the membrane bilayethave been reported in renal tissue [1, 16, 24, 30]. Since
was determined [17, 18, 27]. It was shown that the heVero cells originate from renal tissue, the possibility of
lical hairpin TH8/TH9 is sufficient to form a channel DT activating an endogenous, nonselective channel has
with a similar signature as the wild-type toxin channelto be considered. To address this issue, we have studiec
[27]. Thus, it was concluded that TH8/TH9 is the chan-the channels formed by a series of mutants with single
nel-forming region. TL5, the loop connecting TH8/TH9 amino acid substitutions in the T-domain of DT fragment
contains two negatively charged aspartates, D349 anB in Vero cells. If the DT molecule is itself a constituent
D352. These residues were titratable only fromtth@s  of the channel, and not merely an activator, such muta-
side (the side opposite to where the toxin was addedjions are likely to have variable effects on the channel
[18]. Exchanging D352 with lysine significantly re- properties. The present data suggest that this is the case
duced single channel conductance, consistent with D35three of the six mutations studied affected the whole cell
interacting electrostatically with ions in the channel atconductanceAg,,, induced by DT and two of them al-
thetransside. Introducing charges with sulfhydryl-spe- tered single channel gating kinetics. DT-AB and the mu-
cific reagents on cysteines substituted at positions 350tants DT-B D318K and DT-B E362K had channel prop-
352 confirmed this notion [19]. Single-channel conduc-erties different from the ones reported in planar bilayers,
tance was also altered when E362 was mutated, but thisdicating that the presence of the natural receptor results
residue was titratable from both thens andcis sides, in a channel with a topology different from the one in
indicating that this residue is projecting into the lumen of artificial membranes.
the channel [17].

In cell membranes, DT induced cation permeability,vla,[eriaIS and Methods
upon exposure to low pH [22, 25]. Voltage clamped
Vero cells exhibited a large decrease in input resistance
and depolarized in response to DT and low pH [9]. Fur-CHEMICALS
thermore, single-channel analysis revealed a new, DTzss pmethionine was obtained from Amersham. All other chemicals
induced channel selective for monovalent cations. Thevere of the highest purity commercially available.
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BUFFERS AND SOLUTIONS mRNA/100 .l of lysate. Proteins were made with lysates containing
25 um of each of the 20 natural amino acids. The amount of translated

Dialysis buffer consisted of 140 mNaCl, 20 mu HEPES (N-2- protein in the nonlabeled lysates was estimated as previously described

hydroxyethylpiperazine-N2-ethanesulfonic acid)/NaOH, and 2um  [28] by translating in parallel a 1@ aliquot of the lysate in the

CaCl, pH 7.0. Solutions used for patch-clamp experiments: Pipettepresence of fum [**SJmethionine. The translation mixture was dia-

solution consisted (in m) of 120 potassium gluconate, 5 KCI, 1 lyzed overnight against dialysis buffer to remove free methionine and

MgCl,, 1 EGTA, 1 ATP, 5 HEPES/KOH, pH 7.2,{lm CaCl,. Krebs  reducing agent.

Ringer solution consisted of (in m): 140 NaCl, 5 KCI, 2.4 CaGl

(replaced by 2.4 BaGlfor whole-cell experiments), 1.3 Mgg&l10

Glucose, 0.02% BSA, 10 HEPES/NaOH, pH 7.4. Gluconate bufferResults

consisted of (in m): 140 NaCl, 5 KCI, 2.4 CaG| 1.3 MgCl, 10

lucose, 0.02% BSA, 10 Na-gluconate/HCI, pH 4.5. . . .
g ’ g P The biochemical characteristics and the channel proper-

ties in planar bilayers of the mutants of DT used in the
CeLL CULTURE current work have previously been described [10, 17, 18,

26, 27]. Figure 1 shows a putative model of the topology
g(e)lls_ Wérelmaim?i.nedl and prt?plaga;e.d “nde: ?t?”df‘lrglyccl’:”ggi)onﬁ (5%f DT-insertion into the membrane and depicts the loca-

in Eagle’s minimal essential medium containin b . Two . . :

dayzs priorgto the experiments the cells were seedeginto 35 mm culturgon of the negatlvely. Charg.ed. amino_acids that were
dishes. Vero cells have gap junctions and to facilitate recordings frommmated' The twa-helical ha|rp|ns, TH5/TH6-TH7 and
single, independent cells, the seeding density was low, i.e., not exceedt H8/THO presumably insert into the membrane at low
ing 10,000 cells per dish. pH, and hence their connecting loops, TL3 and TL5,
respectively, probably cross the membrane during inser-
tion [2, 3, 5, 32]. Due to the energy barrier for charged
residues to cross the membrane, penetration is probably
DT at a concentration of 1.1 mg/ml was nicked with trypsin at 0.5 facilitated at low pH by protonation of the negatively
pa/ml for 30 min at 37°C. The reaction was stopped by adding 25charged amino acids D295 in TL3 and E349/D352 in
pg/ml of soybean trypsin inhibitor. TL5. The mutants D295K and D352K used in this study
contain a positively charged lysine instead of a low pH
titratable aspartate, presumably hindering insertion and
channel activity. Two other mutations E327Q and
Recordings were made in the whole-cell and outside-out modes [12]E362K were made at sites within TH8 and TH9, respec-
Patch electrodes were produced by a two-step electrode puller (Natively. Finally, the aspartate at position 318, situated in
ishige, Japan), and fire-polished. For single-channel recordings, thd L4, the loop connecting TH7 and TH8, was exchanged
electrodes were coated with Sylgard. The electrode resistance wagith lysine. The mutants used in this study have previ-
6-15m(). The electrodes were connected to standard recording equipOus|y been shown not to differ from DT-B in their ability

ment. The recordings were performed at room temperature at the sta : . . s
of an inverted microscope. For the whole cell recordings, the hoIding?[% bind to cellular receptors and in their sensitivity to

potential was —40 mV and the membrane potential was shifted betweelYPSIN digestion [10, 26].

-100 and +40 mV in 20 mV steps of 200 msec duration. The resulting

current at the end of each voltage step was measured and pletthd

membrane potential. The cells were exposed to low pH by pressur&FFECTS OFTOXIN ON WHOLE-CELL CURRENTS
ejection (b kPa) of gluconate buffer, pH 4.5, through a micropipette

NICKING OF DIPHTHERIA TOXIN

PaTCcH-CLAMP RECORDINGS

(inner tip diameter{2 pwm) positioned 15-2@m from the cell. DT-B and mutants thereof were expressiadvitro in
reticulocyte lysates. Vero cells were exposed to purified,
CONSTRUCTION OF THEMUTANTS nicked full length toxin (DT-AB) or toxin expressdd

vitro for 20 min at 20°C. The cells were then washed
Construction of the plasmids encoding the mutants D295K, D318K andand bathed in Krebs-Ringer solution containing 2.4 m
E362K has previously been described [10]. Plasmids encoding muBaCl,. Whole-cell recordings from clustered cells show
tants D352K, D352N and E$27Q were generously given to us by Dr. R-great variability of membrane conductance, due to gap
John Collier, Harvard Medical School, Boston, MA. TBaI-Kpnl 5y tigns petween neighboring cells. Recordings were
fragments from these plasmids were subcloned into pBD-48 [10]. . . .

therefore restricted to single, independent cells. The

membrane conductance was furthermore minimized by
IN VITRO TRANSCRIPTION AND TRANSLATION substitution of C&" with the general R-channel blocker

Ba®* in the recording solution to enhance the detection
Plasmid DNA was linearized witkEcoRl downstream of the encoding sensitivity to toxin-induced conductance elevatioh¥/

gene and transcribed in a 20 reaction mixture with T3 RNA poly- . . . - )
merase as described [15]. The mRNA was precipitated with ethanol‘ﬁ’urves were recorded in this solution prior to and ap

and dissolved in 1Qul H,O containing 10 m dithiothreitol and 0.1 proximately 10 §ec after starting to ej?Ct _gluconate-
unitsiul Rnasin. The translation was performed in micrococcal nucle- buffer, pH 4.5, directly onto the cells. Ejection of low
ase-treated rabbit reticulocyte lysate usingubof the dissolved pH buffer to toxin-exposed cells caused depolarization
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and drop in input resistancB,,. The time course of this A 1(pA)
response was not studied in detail, but it reached steady
state within[b sec after start of the ejection. Figure 2
showsl/V plots for cells exposed to DT-AB, DT-B and .
all the mutants. From these plakg,,,, the conductance ‘/‘
/*

induced by toxin, was calculated as the difference be- -100 -80 -60 -40 -20

tween theg,, after and before exposure to low pH. The . b=s=o—o—o;%&=ﬂ

data are summarized in Table 1. DT-B induced an 8-fold™  *empty" ¥ 20 40 V(mV)
*

larger increase iy, than DT-AB. This is consistent _— /
with earlier findings showing that DT-B was more ef- /:/*
fective than DT-AB in inducingNa" influx into Vero P

A/‘ / -1000

1000 7

cells [29]. Three of the single amino acid substitutions in 232N =

the T-domain, D352N, E327Q and E362K, did not affect ~ -« e /°

the ability to increasey,,, as compared to DT-B. For Esz7a °

D318K, howeverAg,, was significantly smaller and in

the same range as for DT-AB. D352K and D295K in- -2000 -
duced conductance changes of 610 pS and 270 pS, r& 1 (pA)
spectively. The latter effects were relatively small, albeit

still significantly different from controls with “empty” 100 -
lysate (two-tailed studentistest,P < 0.001). The rever-
sal potentialV,, of the DT-induced current was esti- 100 80 60 4D  -20 /Z%;

mated for each cell from the point of intersection of the W};ﬂw
two I/V plots. V,, was around 0-20 mV for all the chan- ;%% ,{7t7’ / 40V (mV)

pe

*0

nels @ata not showp p2osk  A— X~ b
A/A %’
D352K '
/ . -100
0/
ANALYSIS OF SINGLE-CHANNEL PROPERTIES /0

/ : / -200 A

-300 -

To study the differences of the conductance change incmae ©
duced by DT and its mutants in molecular detail, we psisc ¢
performed single-channel recordings with some of the
toxins. Vero cells were exposed to toxin, washed andsig. 2. /v relationships from DT-exposed cells before and after ejec-
thenbathed in normal Krebs-Ringer solution. Outside-oution of low pH solution. Vero cells were incubated for 20 min at 20°C
patches were then excised from cells and exposed to low Krebs-Ringer solution containing 2.4vBaCl, and 2.5 m nicked

pH by placing the patches into a stream of gluconatePT or reticulocyte lysates containing in vitro translated constructs to a
buffer from a |arge pipette (tip diameteb Mm)- We final cor?‘centrat’i,on of 2.5wm or reticulocyte lysate where no RNA was
have previously reported the presence of Iarge Channegsdded (“empty” lysate). The cells were then washed extensively and

f . athed in Krebs-Ringer solution containing 2.41rBaCl, before re-
probably selective for Kin Vero cells [9] These chan- cording. The holding potential was —40 mV and the membrane poten-

nels were observed in almost allg0%) of the outside-  tial was shifted in 20 mV steps of 200 msec duration between 100 and
out patches studied. Upon exposure to low pH buffer+40 mv. The resulting current at the end of each voltage step was
DT-induced single channel activity could be observedmeasured and plottas.the membrane potentidlV curves were taken
although only in a minor part of the patches (20_30%)_before an_dlo_sec aftgr starti_ng ejection of gluconate bu_ffer, pH 4.5
When channel activity was observed, it usually aI:)peare%om a micropipette aimed directly at the ce(R) I/V relationships

immediatelv after placina the patches into the stream o efore ejection of gluconate buffer pH 4.51Y and after ejection to
y P 9 p ells exposed to “empty” lysateX), DT-B (@), DT-B E327Q @),

gluconate buffer, pH 4.5. DT channel activity occurred p1.g p3san () and DT-B E362K &). (B) IV relationships before
in bursts, i.e., phases of strong activity were separated byjection of gluconate buffer pH 4.5 and after ejection to cells
long silent periods. Figure 3 shows representative reexposed to “empty” lysateY), DT-AB (@), DT-B D318K (¢ ), DT-B
cordings of single channels formed by DT-B, DT-AB, D295K (%) and DT-B E352K @). For thel/V relationship before
DT-B D295K, DT-B D318K and DT-B E362K during ejection of low pH solution, the values from all cells recorded were
bursts at a holding potential of -80 mV. For DT-B a"e[aged’( =|53)?tﬂ;e d?‘a pj‘”;?f‘(’jr. t.*:f dliffere”;_f‘%”j(‘“él“slr)epre‘
D295K, channel activity was only rarely observed (in sent mean vallies faken from =< individual recordingsTable &-
about 5% of the patches) and it was very transient. We  Figure 4 shows single chanriéV plots derived from
did not succeed in recording any single-channel activitythe recordings partially depicted in Fig. 3. TH¥ plots
from cells exposed to reticulocyte lysate containingwere linear at negative holding potentials. At potentials
DT-B D352K. approaching zero, it was difficult to resolve the dimin-
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Table 1. Conductance changes induced in Vero cells exposed to DThranes raised our concern about the possibility of DT
and mutants activating an endogenous channel in Vero cedise{n-
troduction). This possibility can, however, most likely

Ag., (PS n . ) . . .

9 (PS) be excluded if defined mutations in the putative channel
“Empty” lysate 50+ 90.2 g  forming domain of DT have specific effects on channel
DT-AB 1,767 + 523 6  properties. Our present data show that replacements of
DT-B 14,734 £7,303 6 single amino acids distributed throughout a large part of
DT-B D295K 269.8+ 65.0 5 ; i

the T-domain strongly affect the overall channel activity

DT-B D318K 2,046 + 534 6 d a4 dth tina Kinetics of sinale ch
DT-B E327Q 13539 +8610 6 expresse 9m and the gating kinetics of single chan-
DT-B D352N 8,313 +2,049 4 hels. Thus, we conclude that the channel activity ob-
DT-B D352K 608.5+ 130.4 6 served in DT-exposed cells at low pH [9] is inherent to
DT-B E362K 11,136 +1,242 6 DT itself and not due to DT-activation of an endogenous

channel in the Vero cell membrane.

In Vero cells, the DT-B mutants varied in their abil-
ity to increase the whole-cell conductangg, DT-B
E327Q, DT-B D352N and DT-B E362K resembled wild-
ype DT-B, whereas DT-AB, DT-B D295K, DT-B

Mean values 1sp from n cells as indicated in the right column are
shown.

ishing single-channel currents of the DT channels, due t .
the increased channel current of the endogenotis K 318K and DT-B D352K had a reducedy,, This gen-

channels. However, th&#V plots of the DT channels gral pattern correlates roughly With the previously pub-
were intersecting the abscissa at potentials around 0 m{/Shed data where channel activity in Vero cells was de-
when extrapolated. The single-channel conductanced€Mined by measuring ion flux [10, 26, 29]. In these
9., calculated from the slope of théV relationships studl'es, however, it was not possible to detect any ion
were 30-40 pS (Table 2). This agrees well with ourflux induced by the mutants DT-B D295K and DT-B
previous estimate of 30.2 + 11.9 pS for the single chanP352K. With the high sensitivity of the patch-clamp
nel conductance of DT-AB [9]. Surprisingly, there was te_chnlque, we were able to detect small, albeit significant
not any significant difference im, between DT-AB, differences ing,, induced by those mutants. The mutant
DT-B and the three mutants, although large difference$?352N was reported to be less efficient than wild-type in
were found in the whole cell recordings. inducing®®Rb"-efflux in Vero cells, although it had wild-
Figure 3 shows that the gating kinetics during burststype cytotoxicity [26]. We found here that thkg,, of
were quite different for the various toxin proteins. More- DT-B D352N was the same as for the wild type. In
over, there were also considerable differences in the ingeneral, the mutants which we found to induce reduced
terburst intervals, i.e., how much time the channels spenfd,,, are also known to be less cytotoxic than the wild-
in the closed position. To quantify these differences, wetype toxin when combined with fragment A [10, 26].
determined the probabilities of the channels of beingWe observed in the present study that DT-AB induced a
open (p(open)) and the mean dwell time in the open10-fold lower conductance increagsy,,,, than DT-B at
position. Combined with p(open), the mean dwell timethe same concentration. This difference can be partly
characterizes the flickering kinetics, i.e., the frequency ofexplained by the 5-10 times lower receptor binding af-
transitions between the closed and open state during fnity of DT-AB [15]. But we also found differences in
burst. The data are summarized in Table 2. DT-B andhe gating kinetics, i.e., DT-AB exhibited significantly
DT-B E362K displayed a significantly higher p(open) lower p(open) and dwell time. Hence, the presence of
than DT-AB and DT-B D318K. The mean dwell times fragment A not only decreases the affinity to the recep-
for these two latter channels were similar and signifi-tor, but also apparently impedes the activity of the chan-
cantly shorter than for DT-B and DT-B E362K. In fact, nel formed by fragment B, causing the channel to spend
DT-AB and DT-B D318K displayed quite similakg,,,  more time in its closed position. Earlier studies on ion
p(open) and dwell time. All these parameters werechannel formation by DT have also shown that the mu-
larger for DT-B and DT-B E362K. tanttoxin B-36 (corresponding to fragment B) is much
Compared with DT-AB, the mean dwell time of DT-B more effective than the full length toxin (DT-AB) in
D295K was less than half. P(open) was not determineghducing??Na"* flux in Vero cell membranes [29].
for DT-B D295K because of its transient activity. The Sing|e-channe| properties of the DT-B mutants
used in this study have previously been characterized in
) ] artificial membranes [17, 18, 26, 27]. Comparisons can
Discussion therefore be made between effects of mutations on chan-
nel properties in artificial membranes. cell membrane.
The striking difference in channel conductances of 10 pSThe analysis in Vero cells revealed that the mutants did
and 30 pS in artificial membranes. Vero cell mem-  not significantly differ in their single-channel conduc-
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Fig. 3. Single channel recordings from DT and mutants. Vero cells were incubated for 20 min at 20°C in Krebs-Ringer solution containing
wg/ml nicked DT or reticulocyte lysates containing in vitro translated constructs to a final concentration ofi.2THhen cells were washed
extensively and then bathed in Krebs-Ringer solution. Outside-out patches were excised and exposed to gluconate buffer, pH 4.5, by placir
patches into a stream of gluconate buffer from a large pipette (tip diafmBtem). Representative traces of burst activity are shown for DT-B,
DT-AB and the mutants as indicated in the figure. The holding potential was —80 mV.

tance, which was 30—40 pS. This is in conflict with data

from artificial membranes, where both mutations at 0
D318 and E362 resulted in lower conductances [17].
We found, however, that DT-B D318K and DT-B
D295K displayed a lower open probability and dwell V/v
time. Glutamate at position 362 has been shown to b
titratable from either side of a planar bilayer membrane -2
and exchanging it with uncharged residues reduced the=
single channel conductance [17]. Therefore, it was con- 34 Vv DT-AB
cluded that Glu 362 lines the channel lumen at about :z:zms'(
halfway across the membrane. Here we have used a mu- /K A DTB 318K
tant where Glu 362 was exchanged with lysine, and we -4 © DT-B E362K
did not find any reduction in whole-cell current or single-
channel conductance. The channel had a very high open
probability and the longest dwell time of all channels
tested. The mutant toxin displayed wild-type toxicity
[10]. If E362 points into the channel pore, the intro-
duced positive charge of lysine would be expected to V (mV)

electrostatically hinder cation flux. Reversing the charge S _ _

o rsicues linng an ion channel can lter the on selectg, ! b o 10 Shne St o poces o
thIty_ without reducmg conductance [4]. However, l.t IS gluconate buffer, pH 4.5, and held at various holding potentials. The
not “kely that this was the case for DT-B E362K, since single channel currents were then plottedthe holding potential.\{)

the reversal potential of the DT-B E362K-induced cur- p1-aB, (0) DT-B, () DT-B D295K, (A) DT-B D318K, (O) DT-B

rent was not changed. Moreover, it has previously beerE3s2k.

-150 -100 -50 0
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Table 2. Single channel properties of DT and mutants 6

Mean dwell 7.
Osc (PS) p(open) time (msec)

DT-AB 31.1+52(5)  0.17+0.07 (3) 89+25(4) 8

DT-B 35.7+2.6(3) 0.45+0.13 (3) 76.0 £36 (3)

DT-B D295K  36.0(2) n.d. 3.5(2)

DT-B D318K  34.2+13.7(3) 0.21+0.06 (3) 11.7+£11(3) o

DT-B E362K  41.1+8.0 (4) 0.80+0.1(3) 165.7 + 58 (3)

Mean values 1sp are shown. The number in brackets indicates the

number of recordings. There was no voltage dependency of p(openjq.

and mean dwell time within the voltage range where the DT channels
were observeddata not showp All the values for p(open) and mean
dwell time were determined at a holding potential of —80 mV.

11.

shown that DT-B E362K inducegNa" influx into Vero
cells to the same extent as DT-B [10].

An important finding in this work is that mutations
of negatively charged amino acids in the DT B-fragment
have effects on channel activity in Vero cells distinct
from those reported in artificial membranes, suggesting

that the channel may have a different structure in thets.

Vero cell membrane. Also, the replacement of the trans-
membrane and intracellular domains of the DT receptor

with a GPl-anchor abrogates channel formation whilel*

toxin binding and A-fragment translocation is intact [14],
indicating that the DT receptor may also be involved in
channel formation. Thus, the channel observed in the
plasma membrane of Vero cells may be the result of a

complex interaction between the B-fragment, the DT re-16.

ceptor, and possibly other cellular proteins.
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