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Lipid vesicles have been utilized to study the interactions of diphtheria toxin (DT) with membranes. The 
assay for DT ion channel formation was fluorescence-detected membrane potential depolarization of vesicles 
in which valinomycin-induced potassium diffusion gradients had been generated. The following requirements 
for ion channel formation have been identified: (1) acid pH (< 5); (2) trans-negative membrane potentials 
(35-fold increase in channel-forming activity from - 6  mV to - 5 9  mV); and (3) negatively charged 
phospholipid headgroups (about 100-fold more activity using vesicles formed from asolectin compared to 
soybean phosphatidylcholine). Concentration dependence plots of toxin activity showed a linear response 
with logarithmic slopes of nearly one for each lipid composition. These results show a close parallel to those 
obtained previously with planar lipid bilayers and thus provide guidelines for conditions which facilitate 
functional insertion of the toxin into vesicles. 

Introduction 

Diphtheria toxin (DT), a protein (M~ 63000) 
secreted by certain strains of Corynebacterium di- 

phtheriae, is a potent toxin for most eukaryotic 
cells [1-3]. DT has been shown previously to gain 
entry into cells via receptor-mediated endocytosis 
[1,2], and it has been hypothesized that the acidic 
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environment of the endosome facilitates toxin 
access to the cytosol where it exhibits a lethal 
enzymatic activity which inhibits protein synthesis 
by ADP-ribosylation of elongation factor-2 (EF-2) 
[1-3]. The enzymatic activity of DT has been 
shown to reside in the 'A '  fragment (M r 21000) 
and the membrane-interactive domain in the 'B '  
fragment (M r 40 000) [3-6]. 

Ion channel formation in vitro by DT has been 
shown previously with planar lipid bilayers using 
both whole toxin [4,5], and a 'B '  fragment derived 
from an immunologically cross-reacting mutant of 
DT, designated CRM45, which lacks the M r 17 000 
receptor-binding domain at the peptide carboxyl 
terminus [6]. DT forms channels in planar lipid 
membranes at low pH, and with an applied nega- 
tive membrane potential (trans-side negative) 
[4-6]. These conditions are apparently required by 
numerous toxin-like molecules including botulin- 
um toxin and colicins El, Ia, Ib, A, and B [7-13]. 
DT channel formation also depends upon the 
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lipid composition of the membranes, specifically 
requiring phospholipids with negatively charged 
headgroups, and especially phosphatidylinositols 
[5]. 

Previous results characterizing protein/mem- 
brane interactions of ion channels obtained with 
lipid vesicles have proved difficult to reconcile 
with results from planar membrane experiments. 
Colicin E1 channel formation demonstrates a very 
large potential dependence with planar bilayers, 
but only a small potential dependence with vesicles 
[8,14]. Similarly, Kagan and co-workers [6] found 
that a trans-membrane potential was not required 
for CRM45 'B'-induced K ÷ efflux from large un- 
ilamellar vesicles formed from asolectin. The dif- 
ference between the two systems has been ascribed 
variously as resulting from differences in experi- 
mental technique or from the differences in the 
behavior of curved versus planar membranes [14]. 
Planar lipid bilayer measurements of channel for- 
mation are performed under conditions of voltage 
clamp. Thus, any changes in the observed varia- 
ble, the membrane conductance, can unambigu- 
ously be attributed to the formation of channels. 
In vesicle experiments the membrane potential 
changes during the course of an experiment be- 
cause the first channel should be sufficient to 
depolarize the vesicle [8,14], and subsequent chan- 
nels either do not form (because of the depolariza- 
tion) or have a lesser effect. Also, it is difficult, if 
possible, to directly measure current flow across a 
vesicle membrane. Instead, the efflux of an en- 
trapped solute from within the vesicular compart- 
ment or depolarization of the vesicle are measured 
[6,8,9,14,15,17]. These differences limit the variety 
of conditions under which vesicle and bilayer as- 
says may be compared and raise the question as to 
whether the toxin inserts into vesicles in the same 
manner as in planar membranes and, thus, whether 
the results obtained with the two assays are com- 
parable. 

Vesicles offer the possibility of numerous ex- 
periments impractical with planar bilayers such as 
peptide mapping with proteases or antibodies, and 
solute accessibility or marker efflux from within 
the vesicular compartment. One of the authors has 
already utilized vesicles to demonstrate that EF-2 
entrapped within vesicles is accessible for ADP- 
ribosylation by DT [17]. In addition, the impor- 
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tance of diphtheria toxin in the construction of 
immunotoxins, potential 'magic bullets' for cancer 
therapy [18], requires that the functional activities 
of the toxin be well-characterized. In this report, 
the approach has been to study the formation of 
ionic channels in lipid vesicles by observing the 
collapse of an imposed membrane potential. The 
results indicate that the factors which influence 
channel formation rates in planar membranes 
(potential, pH, the presence of phosphoinositides) 
similarly modulate channel formation in lipid 
vesicles. 

Materials and Methods 

Protein. Diphtheria toxin was obtained from 
Connaught Laboratories (Willowdale, OR) and 
purified by DE-52 chromatography as described 
previously [19]. The resulting protein solution con- 
tains two forms of DT: the major fraction of toxin 
is a single polypeptide chain with two disulfide 
bridges, and a smaller amount of the toxin is 
'nicked', in which the peptide is cleaved into the 
two fragments, 'A' and 'B', which are still joined 
by a disulfide bond [19]. It has been shown that 
'nicking' increases the potency of the toxin [19], 
increases conductance by an order of magnitude 
relative to 'un-nicked' toxin as measured with 
planar bilayers [4], and may be essential for in 
vivo activity [20]. Intact toxin may be converted to 
the 'nicked' from by gentle treatment with trypsin 
[21]. This form of the toxin, designated as DTn, 
was used in all the experiments described in this 
text. 

Vesicle formation and assays. Large, mostly un- 
ilamellar vesicles (LUV) were prepared from 
asolectin, purified by the method of Kagawa and 
Racker [22], or soybean phosphatidylcholine (PC), 
either alone or with 20% soybean phosphati- 
dylinositol (PI) added (Avanti Polar Lipids, Bir- 
mingham, AL). 5 mg of lipid, solubilized in chlo- 
roform and stored at -20  ° C, was dried to a thin 
film under a stream of nitrogen and placed under 
vacuum for several hours. The lipid was then 
suspended in 0.25 ml of 0.1 M KC1, 10 mM 
DMG, 1 mM CaCI 2 at pH 5.0, sonicated to 
clarity, and subjected to two freeze-thaw cycles in 
a dry ice/ethanol bath. For the membrane poten- 
tial depolarization experiments, vesicles were di- 
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luted 125-fold to 0.16 m g / m l  in 0.1 M choline 
chloride, 10 mM DMG, 1 mM CaC12 at the 
c, esired pH. For neutral pH solutions, 10 mM 
Mops was used rather than DMG. Trans-negative 
potassium diffusion potentials ( -  118 mV for this 
solution) were established by addition of 
valinomycin (15 nM) by a 1 : 200 dilution from a 
methanolic stock solution [15]. For membrane 
potential dependence experiments, the potassium- 
containing vesicles were diluted into solutions of 
equal ionic strength but different concentrations 
of KC1 and choline chloride. The resulting chem- 
ical potentials were calculated using the Nernst 
equation 

AE = - RT/F In [K+ ]in 
[K + ]o,t 

where A E is the potential difference across the 
membrane in the absence of any net ionic current; 
[K+]i, and [K+]o,t are the potassium ion con- 
centrations inside and outside the vesicles, respec- 
tively; T was 298 K and R and F have their 
standard meanings. Trans-positive potentials were 
established by formation of vesicles in 0.1 M 
choline chloride, 0.001 M KC1 solution and dilu- 
tion of the vesicles into 0.1 M KCI (+118 mV). 
The membrane-potential sensitive dye, 8-anilino- 
1-naphthalenesulfonate (ANS, Eastman), which 
has been shown to be an indicator of the magni- 
tude of the diffusion potential [15], was used for 
fluorescence detection of DTn-mediated mem- 
brane depolarization by addition of the dye to 10 
/~M from a 10 mM methanolic stock solution. 
Fluorescence was measured by an Aminco-Bow- 
man spectrophotofluorometer using excitation and 
emission wavelengths of 380 nm (4 nm bandpass) 
and 480 nm (10 nm bandpass), respectively. 
Vesicles (0.25 ml) were maintained at 25 °C in a 
stirred cuvette. Channel formation was quantified 
as the initial change in fluorescence intensity per 
unit time after addition of toxin to vesicles. The 
initial rates were expressed as a percentage of the 
largest value measured for a given set of experi- 
ments. 

R e s u l t s  

p H  dependence of DTn membrane potential de- 
polarization 

Fig. 1 shows the effect of pH on the ability of 
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Fig. 1. pH dependence of DTn-mediated depolarization of 
asolectin vesicles. DTn (0.5 #g) was added to vesicles (40 #g) 
with an imposed membrane potential of -118 mV (A). Each 
trace following DTn addition represents a different experiment 
at the indicated pH. AFI=10%. (B) DTn-mediated vesicle 
depolarization as a function of pH. The rates of channel 

formation were normalized to the rate observed at pH 4.5. 

DTn to depolarize asolectin vesicles with imposed 
trans-negative membrane potentials of - 1 1 8  mV. 
The decrease in ANS fluorescence that occurred 
after valinomycin addition to the vesicle suspen- 
sion indicated the presence of a K÷-diffusion 
potential. The depolarization was seen as an in- 
crease in fluorescence that occurred after addition 
of toxin. DTn showed no activity at pH > 5.75. As 
the pH was lowered below this value, DTn activity 
increased, especially under pH 5.25. Optimal ac- 
tivity occurred at pH < 5.0 although a maximum 
value was not obtained. 

Sandvig and Olsnes [20] have shown that ex- 
posure to acidic pH can inactivate DTn's cyto- 
toxic activity. When toxin (0.5 /~g) was added to 
diluted asolectin vesicles (0.16 mg /ml )  in 0.1 M 
choline chloride solution at pH 5.0 at least 5 rain 
before a K ÷ diffusion potential was established, 
subsequent valinomycin addition resulted in for- 
mation of a membrane potential with a magnitude 
equal to that established in the absence of DTn 
(result not shown). This experiment implies that at 



low pH either DTn does not insert into the mem- 
brane or, if inserted, does not form an open 
channel unless a membrane potential also exists 
and that while in one of these two states acidic pH 
can inactivate the toxin. This experiment appears 
to contrast with a previous planar bilayer mem- 
brane binding experiment [4] with DT, which did 
not result in a pH-mediated loss in toxin activity. 
However, in the planar bilayer experiments, a 
trans-positive potential of +50 mV was main- 
tained during binding rather than 0 mV as was 
used here. 

Potential dependence of DTn channel-forming activ- 
ity 

DTn was added to asolectin vesicles at pH 5.0 
under conditions which varied the applied potas- 
sium diffusion potential as described in Methods. 
Fig. 2 (A-D)  shows DTn channel activity with 
vesicle potentials of - 59, - 41, - 23.5, and - 5.6 
mV, respectively. The results presented in Fig. 2 
clearly show that the initial rate of depolarization 
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Fig. 2. Potential dependence of DTn-mediated depolarization 
of asolectin vesicles. DTn (0.5 jag) was added to vesicles (40 
#g) at pH 5.0 after valinomycin addition to impose calculated 
potentials of -59 mV (A), -41 mV (B), -23.5 mV (C), and 
-5.6 mV (D). The corresponding ratios of K ÷ inside and 
outside the vesicles were 100/10, 100/20, 100/40, and 100/80, 

respectively. AF1 = 10%. 
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after toxin addition decreased as the applied 
potential was decreased. The initial rate of 
depolarization at - 59 mV (A) was approx. 35-fold 
greater than at - 6  mV (D), and no change in 
fluorescence was observed at 0 mV. A plot of 
these and additional data is depicted in Fig. 3 
which shows that the rate of channel formation 
increased exponentially from 0 to - 5 9  mV. Only 
a small increase in activity was observed between 
- 5 9  and - 1 1 8  mV. This may represent the limit 
of resolution of this technique under the given 
conditions rather than an actual plateau of initial 
rates. The change in fluorescence intensity of ANS 
after addition of valinomycin to vesicles is a linear 
function of applied potential (see Fig. 2 and [15]). 
In order to plot the potential dependence of DTn 
channel activity (Fig. 3), each measurement of 
initial slope induced by toxin addition to vesicles 
at a given potential was multiplied by the ratio of 
valinomycin-mediated fluorescence change at 
- 1 1 8  mV to the valinomycin-mediated fluores- 
cence change at the potential of interest. Some 
dependence of ANS fluorescence on pH was also 
observed over a broad pH range (>  2 units) but 
was insignificant for the pH values used in Fig. 1. 
The pH inside and outside the vesicles was 5.0 for 
all the experiments shown in Figs. 2 and 3 so that 
no pH gradient would contribute to the chemical 
potential. These results demonstrate that the ini- 
tial rate of channel formation was strongly depen- 
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Fig. 3. Initial rate of DTn-mediated depolarization of asolectin 
vesicles as a function of applied potential. The rates of channel 
formation were normalized to the rate observed at -118 inV. 
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dent upon the imposition of a negative membrane 
potential. 

The polarity of the membrane potential was 
found to be important for channel formation rates 
as well as the magnitude. Fig. 4 shows the activity 
of DTn with asolectin vesicles with a trans-posi- 
tive applied diffusion potential of + 118 mV (0.1 
M chloride/0.001 M KC1 inside, 0.1 M KC1 out- 
side the vesicles). At pH 5.0 and + 118 mV the 
initial rate of depolarization was 13-fold smaller 
(Fig. 4A) than at pH 5.0 and -118  mV. This 
calculation probably underestimates the difference 
in channel formation rates at these two potentials 
because, as described above, our limit for resolv- 
ing rates of channel formation at negative poten- 
tials occurred at - 5 8  mV. However, this result 
demonstrates that channel formation does occur 

at trans-positive potentials but at much slower 
rates than with trans-negative potentials. At neu- 
tral pH no activity was observed with a trans-posi- 
tive potential (Fig. 4B), indicating that at this 
applied voltage DTn channel activity was still pH 
dependent. 

Effect of lipid composition on DTn channel-forming 
activity 

Vesicles varying only in lipid composition were 
tested to determine whether DTn channel forma- 
tion exhibited lipid specificity. Fig. 5 shows that 
DTn exhibited the greatest activity with vesicles 
composed of asolectin (A), intermediate activity 
with 20% PI/80% PC (B), and least activity with 
pure PC (C). Thus, DTn activity was enhanced 
when reacted with vesicles containing inositides, 
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Fig. 4. The effect of DTn on vesicles with trans-positive 
diffusion potentials. Asolectin vesicles (40 /~g) containing 0.1 
M choline chloride, 0.001 KCl were diluted into 0.1 M KCI 
solution at pH 5.0 (A) and pH  7.0 (B). Valinomycin and DTn 

(0.5/~g) were added as indicated. AF1 = 10%. 
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Fig. 5. The effect of lipid composition on DTn-mediated 
vesicle depolarization. DTn  (0.5 /~g) was added to vesicles (40 
~g) composed of asolectin (A), 20% PI in PC (B), and PC (C) 
at pH 5.0 with applied membrane  potentials of - 1 1 8  inV. 

A FI = 10%. 



as reported with planar bilayers [5]. Concentration 
dependence experiments show that DTn was able 
to completely depolarize membranes of all three 
lipid compositions when used in sufficient quan- 
tity (Fig. 6). There was approximately one order 
of magnitude difference in depolarization activity 
between each type of vesicle at a given DTn 
concentration. For complete depolarization of PC 
vesicles, the lipid to protein ratios were so small 
(about 4 :1 ,  w / w )  that non-specific l ipid-protein 
interactions could be responsible for membrane 
damage severe enough to dissipate a K ÷ diffusion 
potential. However, the similarity of the plots 
obtained for each vesicle type shown in Fig. 6 
suggests that this was not the case. 

The concentration dependence data of Fig. 6 
was used to calculate the molecularity of the DTn 
channel. The rate of channel formation nearly 
doubled when the amount of DTn added to a 
vesicle sample was doubled yielding linear con- 
centration dependences with logarithmic slopes of 
0.8 for asolectin pure soybean PC and 1.0 for 20% 
PI/80% PC vesicles (uncertainties = +0.1, corre- 
lation coefficients = 0.99). This result implies that 
the DTn channel was composed of a single chan- 
nel-forming species: either from monomeric DTn 
or from a water-soluble DTn multimer. 
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Fig. 6. Concentration dependences of DTn-mediated depolari- 
zation of vesicles of  different lipid compositions. Varying 
amounts  of DTn  were added to vesicles formed from asolectin 
(e), 20% PI in PC (©),  and PC (A) at pH  5.0 with applied 
membrane potentials of - 1 1 8  inV. The rates of channel for- 
mation were normalized to the rate observed for the largest 

addition of toxin for each fipid composition. 
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Discussion 

This work investigated in vitro conditions which 
were required for diphtheria toxin to insert into 
membranes and form ion channels in lipid vesicles. 
For each of the conditions examined, the rate of 
channel formation in vesicles depended upon the 
same conditions as the rate of channel formation 
observed in planar lipid bilayers [4-6]. Channels 
formed fastest at low pH, with trans-negative 
membrane potentials, with inositides in the mem- 
brane, and with increasing amounts of toxin pre- 
sent. The magnitudes of the effects were also 
similar with several exceptions. The potential de- 
pendence plot of channel formation in Fig. 3 
shows that the initial rate of channel formation 
increased exponentially with potential up to - 6 0  
mV, but became insensitive to further changes in 
applied potential at larger voltages. As stated in 
Results, this is probably because depolarization 
occurred more rapidly at potentials greater than 
- 6 0  mV than our measurements were capable of 
resolving. The most important factor influencing 
potential-dependent DTn channel formation in 
vesicles as described in this text (see also Refs. 6, 
14) appears to be the inclusion of calcium during 
vesicle formation and in external bathing solu- 
tions. Calcium may promote formation of larger 
vesicles by fusion of SUV [25], which would then 
be better able to maintain a membrane potential, 
and enhanced voltage dependence when included 
in the vesicle bathing solution. It has been shown 
previously that protein insertion into SUV may be 
facilitated compared to LUV, ostensibly due to 
differences in lipid packing density [26]. Thus, a 
vesicle preparation containing a significant popu- 
lation of SUV may nonspecifically leak sufficient 
solute in the absence of a membrane potential 
after addition of toxin so that the response ap- 
pears to be voltage independent. Whether these 
criteria explain the observations of DT- or colicin 
El-mediated voltage independent efflux of solute 
from vesicles as described by other researchers 
[6,14] is uncertain. Vesicles were prepared by a 
substantially different technique by Kagan and 
co-workers [6] while Davidson et al. [14] included 
EDTA in their final vesicle formation solution. 
Also, it may be inappropriate to extend the results 
obtained for DT with vesicles as described in this 
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text to colicin E1 despi te  appa ren t  s imilar i t ies  
between their  respect ive channel  activit ies with 
p l ana r  l ipid bi layers.  

The  l ip id  specif ici ty of  D T n  channel  fo rma t ion  
dep ic ted  in Figs. 5 and 6 shows that  the presence 
of  phospha t idy l inos i to l  in the m e m b r a n e  in- 
creased the ra te  of  channel  fo rmat ion  by  10-fold 
c o m p a r e d  to vesicles composed  of  neut ra l  l ipids.  
However ,  D T n - m e d i a t e d  depo la r i za t ion  act ivi ty  
was much greater  with asolect in  vesicles than  those 
fo rmed  f rom P I / P C  mixtures,  a result  also found 

with p l ana r  membranes  [5]. Asolec t in  is a mixture  
of  l ipids  inc luding  PE, PC, PI, and  PS, with 20% 
net  negat ively  charged  headgroups ,  most  of which 

is PI [5,24]. The  na tu ra l  m e m b r a n e  compos i t ion  of  
asolect in  m a y  prov ide  add i t iona l  factors such as 
m e m b r a n e  fluidity,  or  l ipids o ther  than  inosi tols  
which enhance  D T n  channel  activity.  

The  only  result  descr ibed  in this text  in dis-  
agreement  with p l a n a r  b i layer  da ta  is the con- 
cen t ra t ion  dependence  of  D T n  channel  format ion .  
The  d a t a  in Fig. 6 suggest that  channel  fo rma t ion  
is a un imolecu la r  event  bu t  p l ana r  b i layer  exper i -  
ments  found  that  the ra te  of channel  fo rma t ion  
d e p e n d e d  on the square  of toxin concent ra t ion ,  
suppor t ing  a d imer ic  channel  s t ructure  [4,6]. There  
are several poss ib le  causes for this difference.  Firs t ,  
the l imits  of  resolut ion  for  high values of ini t ia l  
slope, as discussed previously  in the text, which 
were ob ta ined  when larger  amoun t s  of toxin was 

used:  the highest  rates may  be  underes t imated ,  
which would  have the effect of  removing the square 
dependence  of  the re la t ionship  be tween toxin con- 
cen t ra t ion  and  channel  format ion .  A second possi-  
bil i ty,  also descr ibed  above,  is that  p l ana r  bi layers  
measure  the ra te  of  channel  fo rmat ion  with subse- 
quent  channels  fol lowing the first. In  the vesicle 
exper iments ,  because  the first channel  should  be 
sufficient  for  depo la r i za t ion  what  is ac tual ly  mea-  
sured is the rate  at  which the first channel  forms 
in a vesicle. The  square  re la t ionship  for channel  
fo rma t ion  observed  in p l ana r  membranes  impl ies  
in te rac t ion  or  coopera t iv i ty  be tween toxin  mole-  
cules as they form channels .  This  m a y  occur as an 
aggregate  fo rma t ion  pr io r  to inser t ion into  the 
membrane ,  or  as a coopera t ive  effect be tween 
channels ,  i.e., that  one channel  in the m e m b r a n e  
m a y  aid  in the fo rma t ion  of  subsequent  channels .  
If  this were the case, it would  expla in  the dif-  

ference in concen t ra t ion  dependence  exper iments  
be tween  vesicles and  p l ana r  membranes :  since the 
first channel  is sufficient  to depolar ize  the mem-  
brane,  subsequent  channels  that  would  be pro-  
m o t e d  by  the first would  not  have much effect. 

The  most  re levant  fac tor  for differences be- 
tween vesicles and  p l ana r  b i layer  exper iments  
seems to be  that  the m e m b r a n e  potent ia l  is con- 
s tant  in one case, but  changes with t ime in the 
other.  The m e m b r a n e  events appea r  to be  s imilar  
bu t  the size of the in terna l  compar tmen t s ,  and  
hence  their  abi l i t ies  to ma in ta in  a cons tan t  po ten-  
tial, account  for the differences be tween  the sys- 
tems. 
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