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ABSTRACT: The pH-triggered change in diphtheria toxin conformation and the physical properties of the
toxin above and below the transition pH have been examined. Exposure to low pH (<5 at 23 °C, <£5.3
at 37 °C) triggers a rapid (¢;,; < 30 s) change in toxin conformation; the transition occurs over a narrow
pH range (0.2 unit). Below the transition pH, buried tryptophans become exposed, and the toxin becomes
hydrophobic, binding very tightly to detergent. Aggregation is observed at low pH, probably due to this
extreme hydrophobicity. Circular dichroism and fluorescence properties show that the low-pH conformation
is not extensively unfolded. Therefore, the toxin “opens” at low pH without becoming a random coil. The
conformation change is partly irreversible, and the degree of irreversibility parallels the degree of aggregation.
Reduction of the disulfide bonds does not increase hydrophobicity at neutral pH. Furthermore, none of
the structural variants of toxin (monomer or dimer, bound to ApUp or free, and nicked between subunits
or intact) are hydrophobic at neutral pH or differ in transition pH markedly. Therefore, these factors do
not mimic the effect of low pH. These observations are consistent with a functional role for the pH-triggered
changes during penetration of the membranes of acidic organelles. The toxin may have adapted a con-
formational change similar to partial denaturation for a critical role in function. The possible nature of

the pH-sensitive interactions and the effects of aggregation are discussed briefly.

D iphtheria toxin is a protein (M, 58 340) that kills cells by
inhibition of protein synthesis. It is composed of two domains:
subunit A which inactivates elongation factor 2 by ADP-
ribosylation, and subunit B which binds to a receptor molecule
and also is required to translocate subunit A into the cyto-
plasm. The structure of the toxin at neutral pH and its en-
zymatic function have been extensively studied (Collier, 1983;
Pappenheimer, 1977; Uchida, 1983). The sequence of each
subunit is now known (Greenfield et al., 1983; Kaczorek et
al., 1983; Ratti et al., 1983). Several studies indicate that the
toxin enters cells by receptor-mediated endocytosis, followed
by penetration through the membrane of an acidic organelle
(Draper & Simon, 1980; Sandvig & Olsnes, 1980, 1981).
Indirect evidence suggests that acidic endosomes are the most
likely site of membrane penetration (Marnell et al., 1984). The

t This work was supported by National Institutes of Health Grant
GM31986 and by a University Award and a Biomedical Research Grant
from the State University of New York to E.L.

importance of low pH in membrane penetration by toxin is
demonstrated both by the ability of lysosomotropic amines,
which increase pH in acidic organelles, to inhibit toxicity and
from the ability of low-pH incubation of cells with surface-
bound toxin to overcome this block (Sandvig & Olsnes, 1980,
1981). Furthermore, such a low-pH incubation with sur-
face-bound toxin can restore toxicity when endocytosis is
blocked at low temperatures (Draper & Simon, 1980). In
model systems, low-pH induction of toxin hydrophobicity
(Blewitt et al., 1984; Sandvig & Olsnes, 1981) and low-pH-
induced pore formation in membranes (Donovan et al., 1981;
Kagan et al., 1981; Misler, 1983, 1984) have been observed.
However, these studies have not yet explained the exact
mechanisms of membrane penetration and of subunit A
translocation.

In previous preliminary studies, we have noted a distinct
change in toxin conformation at low pH (Blewitt et al., 1984;
London et al.,, 1984). In this report, the conformational change
at the pH transition has been further characterized, as well

0006-2960,/85/0424-5458801.50/0 © 1985 American Chemical Society



DIPHTHERIA TOXIN CONFORMATION

as the effect of varying environmental conditions and toxin
structure upon the pH dependence of conformation.

EXPERIMENTAL PROCEDURES

Materials. Diphtheria toxin was purchased from Connaught
Laboratories (Ontario, Canda). Purification of the toxin in
various forms has been previously described (Blewitt et al.,
1984; Collier & Kandel, 1971; McKeever & Sarma, 1982).
Toxin was stored at 4 °C. Its behavior was not dependent on
storage time. However, the degree of nicking of nucleotide-free
toxin did increase. Brij 96 and polidocanol [polyoxyethylene(9)
lauryl ether; C;,E;] were purchased from Sigma. Dithio-
threitol (DTT)! (“high purity”) was purchased from Calbio-
chem-Behring. Acrylamide (“electrophoresis grade™) was
purchased from Bio-Rad. Brominated Brij 96 was synthesized
as previously described (Blewitt et al., 1984) except that stock
solutions of Brij 96 and brominated Brij 96 were neutralized
with NaOH before use. Brij 96 and brominated Brij 96 so-
lutions were stored at room temperature with 0.02% (w/v)
NaN,.

Protein Determination. Protein concentration was estimated
from the absorbance at 280 nm by using calculated values of
€250 = 55000 M cm™ (1 ODygy = 1.06 mg/mL) for bound
toxin and ;50 = 50000 M~ ¢cm™! for free toxin. These values
were calculated from the published extinction coefficients of
the aromatic amino acids, cystine, and ApU (Fasman, 1976).
They are in good agreement with values estimated by other
methods (Blewitt et al., 1984; Proia et al., 1981). An A5/ A5
ratio of 0.6 was obtained for free toxin and 0.9 for nucleo-
tide-bound toxin, in agreement with previously reported values
(Proia et al., 1981).

Fluorescence Spectroscopy. Fluorescence was measured by
using a Spex 212 Fluorolog spectrofluorometer. Measurements
were made on 2-2.5-mL samples in 1-cm path-length quartz
cuvettes. Background intensity was subtracted from the re-
ported values. Excitation slits of either 2.3- or 4.5-cm nominal
band-pass and emission slits of 4.5-nm nominal band-pass were
used. Intensity measurements at fixed wavelength were taken
at 280-nm excitation and 330-nm emission unless otherwise
noted. Excitation and emission maxima were determined from
corrected spectra. Inner filter effects were negligible in all
samples except those containing DTT and acrylamide.?
Reported values are corrected for inner filtering (Leese &
Wehry, 1978). Fluorescence lifetimes were measured with an
Ortec 290 instrument. The light source was a gated N, flash
lamp (with 1 atm N,) (Photoresearch Associates, London,
Ontario). Samples were irradiated at 295 nm, and emission
at 320 nm was measured by using a cutoff filter (Schott WG
320, 3 mm). Samples contained 0.1 mg/mL intact bound
dimer toxin in 148 mM NaCl and either 10 mM formate at
pH 3.2 or 10 mM acetate at pH 4.4 or 10 mM NaP; at pH
7. Background samples without protein had only negligible
“emission” (2-5% of samples). Approximate lifetimes were
determined by deconvolution.

HPLC and Native Gel Electrophoresis. A Beckman iso-
cratic high-performance liquid chromatograph, equipped with
a 7.5 X 300 mm Sepherogel-TSK 3000 SW column, was used
for gel filtration measurements. Samples containing 25 ug

! Abbreviations: DTT, dithiothreitol; P;, inorganic orthophosphate;
EDTA, ethylenediaminetetraacetic acid; HPLC, high-performance liquid
chromatography; Tris-HC], tris(hydroxymethyl)aminomethane hydro-
chioride; SDS, sodium dodecy! sulfate; CD, circular dichroism.

2 Samples containing DTT had a considerable absorbance (1 ¢cm) at
280 nm (0.05-0.15) arising from oxidized DTT formed during incuba-
tion.
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FIGURE 1: Effect of pH on the fluorescence of diphtheria toxin. (®)
Fluorescence intensity; (O) quenching-detected Brij 96 binding; (A)
fluorescence emission Ap,,. Samples of 5 ug/mL free dimer toxin
in 150 mM NaCl and 10 mM buffer were incubated at ambient
temperature 1 h before fluorescence was measured. Buffers used were
formate at pH 4 and below, acetate from pH 4 to pH 5.5, and
phosphate at pH >5.5. Samples for detergent binding studies con-
tained 140 uM Brij 96 (0.01% w/v) or brominated Brij 96. F/F,
is the ratio of fluorescence intensity in the presence of brominated
Brij 96 to that in ordinary Brij 96 (see text for details).

of toxin were eluted at 0.5 mL/min in 75 mM NaP, pH 7.
Approximate elution volumes were 9.5 mL for dimers and 10.5
mL for monomers, which was consistent with the values ex-
pected by using a calibration curve of protein standards. At
pH 4.2, the elution buffer was 10 mM sodium acetate with
150 mM NaH,PO,, and at pH 3, 165 mM NaP; was used.

Native gel electrophoresis was also used to evaluate toxin
self-association. A modification of the procedure of O’Farrell
was used (O’Farrell, 1975). A 10.1% (w/v) acrylamide gel
[containing 0.13% (w/v) bis(acrylamide)] in 0.375 M Tris-
HCI, pH 8.7, was prepared with a 5.1% (w/v) acrylamide
stacking gel [containing 0.13% (w/v) bis(acrylamide)] in 62.5
mM Tris-HCl, pH 6.8. SDS and mercaptoethanol were
omitted from all solutions. Toxin (10 ug in 20-40 uL) was
incubated 1 h in 140-150 mM NaCl at pH 3, 4.2, or 7 and
neutralized prior to electrophoresis.

Circular Dichroism. CD spectra were measured by using
a Cary 60 instrument with a 6001 CD attachment. Quartz
cuvettes with a 1-cm path length were used. The instrument
was calibrated at 290 nm with (+)-camphorsulfonic acid
(Aldrich Chemical Co.) and dried under high vacuum, as-
suming [6],90 = +7.8 X 10° deg-cm?/dmol (Tuzimura et al.,
1977). After calibration, a value of [8],, = ~10.3 X 103
deg-cm?/dmol was obtained with (—)-pantolactone (Tuzimura
et al., 1977). The apparent ellipticity of control samples
lacking toxin was subtracted from all reported values.

RESULTS

Effect of pH upon Toxin Fluorescence and Detergent
Binding. Figure 1 shows the effect of pH upon the fluorescence
of free (i.e., without bound ApUp) toxin dimers. Several
changes can be identified. The intensity of fluorescence be-
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FIGURE 2: Kinetics of changes in toxin fluorescence. (A) Change
induced by low pH: (@) fluorescence intensity at pH 4.2; (®)
fluorescence intensity at pH 3; (O) quenching-detected detergent
binding at pH 4.2 Samples at pH 7 were introduced to low pH at
time zero. Other conditions as in Figure 1. (B) Changes upon addition
of DTT at pH 7 to nicked free monomers (final concentration 50 mM):
() fluorescence intensity; (O) quenching-detected detergent binding.
Other conditions as in Figure 1.

comes weaker at lower pH, with a sharp transition in
fluorescence intensity near pH 5. The width of this transition
is about 0.2 pH unit. A shift in the emission A,,, from about
325 to 329 nm also is observed below pH 5. The shift occurs
at the transition pH.

Evaluation of the effect of pH upon toxin hydrophobicity
is important for an understanding of toxin behavior. Binding
of nonionic detergents can be used to detect protein hydro-
phobicity (Helenius & Simons, 1972). We used our recently
developed method for fluorescence quenching detection of
detergent binding (Blewitt et al., 1984) to examine the binding
of Brij 96 to diphtheria toxin. In this technique, detergent
binding is detected as a reduction of the fluorescence intensity
(F) in brominated Brij 96 relative to the fluorescence intensity
(F,) in ordinary Brij 96 (i.e., by the degree of quenching). In
figure 1, an F/F, value of close to 1 is observed above pH 5,
indicating lack of toxin binding to detergent. Below pH 5,
a drop in F/F,, indicative of detergent binding, is observed.
The fluorescence and hydrophobicity of free toxin are very
similar to what we observed previously for bound toxin (Blewitt
et al., 1984). The small difference in A, values from those
we reported previously is largely due to the fact that the present
data come from corrected fluorescence spectra (see Experi-
mental Procedures).

The kinetics of the changes induced by low pH are shown
in Figure 2A. The transition from the high-pH to the low-pH
conformation is rapid, with the change more than 50% com-
plete in less than 30 s. The kinetics are faster at pH 3 than
at pH 4.2. Hydrophobicity appears at virtually the same rate
as the fluorescence decrease, indicating that these two changes
are closely linked.

The strength of Brij 96 binding to toxin at pH 4.2 is il-
lustrated in Figure 3. About 50% of maximal quenching
occurs in 0.0003% (w/v) (4 uM) Brij 96. Indeed, association
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FIGURE 3: Binding of detergent to toxin at pH 4.2. (@) Fluorescence
intensity in the presence of various amounts of Brij 96; (O)
quenching-detected detergent binding. Samples contained Brij 96
or equimolar brominated Brij 96. Each point represents separately
prepared samples. Other conditions as in Figure 1.
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FIGURE 4: Effect of salts and form of toxin upon pH dependence of
fluorescence. (A) Fluorescence in various salts: (@) 150 mM NaCl
and 10 mM buffer; (X) 150 mM KCl and 10 mM buffer; (O) 100
mM NaP, (and 10 mM buffer from pH 4 to 5.5); (&) 150 mM NaF
and 10 mM buffer (except 56.5 mM HF as buffer at pH 4.5 and 225
mM HF at pH 4). Other conditions as in Figure 1. (B) Fluorescence
of different forms of toxin: (@) free dimers; (A) intact, bound dimers;
(X) nicked free monomers. Other conditions as in Figure 1.

with such a low concentration of detergent indicates very tight
binding to detergent,® and therefore the potential for tight
binding to a membrane bilayer. Figure 3 also shows that
protein fluorescence intensity increases upon addition of or-
dinary Brij 96 to the aqueous solutions of toxin. The
fluorescence enhancement exactly mirrors the fluorescence

3 This experiment may even underestimate binding strength since the
toxin presumably binds primarily to micelles of Brij 96 and the (unusu-
ally low) critical micelle concentration of Brij 96 is close to 0.00025%
(w/v) (A. Chattopadhyay and E. London, unpublished observations).
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FIGURE 5: Fluorescence of toxin at 37 °C. Free dimer toxin was
incubated at 37 °C for 90 min, and then fluorescence was measured
in a thermostated cuvette. pH was measured at 37 °C. Brij 96 or
the brominated Brij 96 concentration was 700 uM in samples con-
taining detergent. Similar results were observed in 140 uM detergent.
Other conditions as in Figure 1.

quenching by brominated Brij 96 which indicates that both
changes measure binding to detergent.

Influence of Environment and Toxin Structure upon the
pH Transition. In previous studies, we identified NaCl con-
centration as a major control of the transition pH, which occurs
near pH 4 in low salt and at pH 5 in 150 mM NaCl (Blewitt
et al., 1984). Figure 4A shows that the effect of salt is in-
dependent of the type of ions present for a number of mono-
valent salts, at similar ionic strength. Also, when in addition
to 150 mM NaCl either 10 mM MgCl, or 10 mM CaCl, was
added, the fluorescence behavior vs. pH was not affected (data
not shown). These results imply that in these cases ionic
strength, not the type of ion, is important.*

The behavior of various forms of the toxin is compared in
Figure 4B. There seems to be only a small difference in the
pH transition among the forms tested, with the transition of
nicked, free monomers perhaps 0.2 pH unit above that of
intact, bound dimers. The observation that both free mono-
mers and bound dimers show a very similar high- to low-pH
transition proves that changes in either ligand binding or the
monomer/dimer equilibrium are not primarily responsible for
the observed changes in fluorescence intensity. The pH de-
pendence of detergent binding by monomers and dimers is also
very similar (data not shown). Since the behavior of different
forms is so similar, a preparation of free dimers containing
some nicked toxin was used in most of our studies for reasons
of convenience.

Further experiments demonstrate that higher temperature
can also alter the transition pH. At 37 °C, the pH transition
is shifted upward about 0.3 pH unit to pH 5.3 (Figure 5).
This may have important implications concerning the structure
of the low-pH conformation (see Discussion).

Another factor that has been examined is the state of the
disulfide bonds. The disulfide bonds of the toxin play an
important role in its structure. Toxin disulfides can be reduced
by incubation in 50 mM DTT (Collier & Kandel, 1971; Gill
& Dinius, 1971). Figure 6 shows incubation of toxin in DTT
alters the effects of pH. The samples were preincubated in
DTT at pH 7 and then transferred to low pH. The reason for
this preincubation is to avoid the negligible rate of reduction
at low pH.> At pH 7, the fluorescence intensity decreases

VOL. 24, NO. 20, 1985 5461

T T 1 T T T T T T T T T T T T
A C
o 100 -1 1.0
ns L 1
IVEG)
’—
% =z 8or 40.8 <
55 <
L - o
8y s
& £ 6or 40.6 W
<
S 3
o0 = 4
gy A
~ 40 —40.4
N 1 i It \ e L] ! A A e e i Iy
3 5 3 5 7 3 5 7

pH

FIGURE 6: Effect of DTT on toxin fluorescence. Samples contained
toxin incubated in the (@) absence or (4) presence of 50 mM DTT
at pH 7 for 45 min and then diluted into buffer containing no DTT
(®) or 50 mM DTT (a) at the appropriate pH and incubated for
1 h. (O) Quenching-detected detergent binding in the presence of
50 mM DTT. (A) Intact bound dimers. (B) Nicked free monomers.
(C) Free dimers. Other conditions as in Figure 1.

in DTT, leveling off in about 1 h (Figure 2A). In general,
there is a much smaller decrease in fluorescence at low pH
than at pH 7, as shown in Figure 6. Interestingly, the effect
of DTT depends on the form of toxin used. Intact bound
dimers show a weaker but still prominent pH transition while
free dimers and nicked free monomers do not show a transition
but a gradual decrease of fluorescence at low pH.

Incubation in DTT also affects hydrophobicity. In these
experiments, detergent was added and sample pH changed
subsequent to reduction. As shown in Figure 6, nicked free
monomers only show slight quenching above pH 3, with no
hint of a transition at pH 5. Aggregation and detergent
binding may compete (see Discussion). Therefore, to see if
irreversible aggregation during preincubation in DTT at pH
7 was responsible for the lack of subsequent detergent binding,
toxin was incubated simultaneously in DTT and detergent at
pH 7. As shown in Figure 2A, no quenching is observed at
any time examined.

Reversibility of the Effects of Low pH. According to most
models of toxin action, the toxin travels from a neutral pH
environment to a low-pH compartment and then becomes at
least partially exposed to near-neutral cytoplasmic pH after
membrane penetration. For this reason, the degree of re-
versibility of the effects of low pH is of interest. Figure 7 shows
the effects of reversing the pH to 7 upon fluorescence intensity
and detergent binding. The drop in fluorescence intensity is
almost completely irreversible, except at pH 3 where a re-
producible small increase is observed upon reversing the pH.
A similar pattern is observed for quenching-monitored de-
tergent binding. However, reversibility of detergent binding
at pH 3 is nearly complete. These observations are in
agreement with the studies of Sandvig & Olsnes (1981) which
demonstrated that temporary incubation of toxin at low pH
has largely irreversible effects for cytotoxicity activity at pH
4—4.5 but has mostly reversible effects when low-pH incubation
is done below pH 3.5.

Measurements of pH-Induced Conformational Changes
Using Aqueous Quenching and Circular Dichroism. To
confirm and further characterize the effects of pH upon toxin,
the conformation was evaluated with an aqueous quencher of
fluorescence and by measurement of circular dichroism.
Aqueous fluorescence quenchers, such as acrylamide, measure
exposure of Trp residues to the aqueous environment (Eftink

4 It should be noted that we have not examined our toxin preparations
for endogenous bound ions. EDTA is present during isolation of the toxin
(McKeever & Sarma, 1982).

5 Disulfide bond exchange and reduction are catalyzed by the anionic
(S™") form of thiols and thus are strongly inhibited by low pH (Tor-
chinsky, 1981).
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FIGURE 7: Reversibility of the effect of pH upon fluorescence. Samples
of 2 mL containing free dimer toxin were incubated at various pHs
for 60 min, and then the pH was reversed to pH 7 by addition of an
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corrected for dilution. Other conditions as in Figure 1.
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FIGURE 8: Quenching of toxin fluorescence by acrylamide. Samples
incubated as described in Figures 1 and 7. Free dimer toxin at (@)
pH 7, (0) pH 3, (A) pH 4.2, (O) pH 7 after incubation at pH 4.2
and (X) pH 7 after incubation at pH 3. Each sample was “titrated”
with acrylamide, and fluorescence intensity at A., = 295 nm and A,
= 340 nm was measured after each addition.

& Ghiron, 1976, 1981). The higher the slope of an Fy/F vs.
[quencher] curve, the greater the degree of exposure, provided
the fluorescence lifetime does not increase. Acrylamide
quenching of free dimer toxin is shown in Figure §. Trp
residues are much more exposed at low pH, with nearly equal
exposure at pH 3 and 4.2. Similar results were obtained with
toxin monomers and bound toxin (data not shown). The
quenching is reversed substantially upon reversing the pH from
3 to 7 but not when reversing the pH from 4.2 to 7, in
agreement with the properties of the toxin noted above. The
fluorescence lifetime of toxin is roughly 4 ns at pH 7 and
between 3 and 4 ns below pH 5. Therefore, the increase in
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FIGURE 9: Circular dichroism of toxin: (@) pH 7; (O) pH 3; (+)
pH 4.4. Samples contained 25 ug/mL free dimer toxin at 21-23 °C.
Spectra are the average of two samples. Other conditions as in Figure
1.

quenching at low pH is not due to an increase in lifetime.

The circular dichroism of the toxin in the region 200-250
nm is shown in Figure 9. At neutral pH, the shape of the
CD spectrum indicates that the toxin is rich in S-sheets. There
appears to be relatively little a-helix [5-20% maximum es-
timated by the methods of Greenfield & Fasman (1969) or
by the data of Chen et al. (1974)]. However, the spectral
shape is equally consistent with an «/B-type protein as well
as a (B-sheet-rich conformation (Manavalan & Johnson, 1983).
At low pH, the ellipticity of the toxin changes slightly, with
ellipticity less negative around 220 nm and more negative
below 210 nm. These changes suggest a slight increase in
random-coil at low pH. In view of the aggregation of toxin
at low pH (see below), the possibility of differential scattering
and absorbance flattening artifacts (Bustamante et al., 1983;
Simons, 1981) must be considered. Since such effects result
in less negative ellipticity, especially at lower wavelengths
(Simons, 1981), they cannot explain the changes below 210
nm. However, the changes in intensity between 210 and 240
nm may well be due to aggregation (see below). Despite this
artifact, it is clear the toxin does not become a random-coil
below pH §.

Effect of pH upon Toxin Self-Association. Toxin can be
either monomeric or dimeric at neutral pH (Collier, 1982,
Pappenheimer, 1977; Uchida, 1983). The effect of pH upon
the degree of self-association of dimer toxin was determined
by HPLC gel filtration. At pH 3, most toxin eluted faster (i.e.,
of larger size) than dimer, although a dimer peak was also
present. The recovery of protein was only 10-20%. When
the sample pH was reversed to 7, the high molecular weight
peaks observed at pH 3 were replaced by a dominant monomer
peak indicating some disaggregation. However, the percent
recovery did not increase. The low recovery suggests the
presence of larger aggregates that fail to elute and which do
not dissociate upon reversing the pH to 7. At pH 4.2, ag-
gregation was more severe, as judged from a recovery of only
1%. This recovery was not increased by reversing the pH.

Native gel electrophoresis gave similar results. Gel samples
consisted of dimer toxin incubated at pH 3, 4.2, or 7 and then
neutralized before electrophoresis. Incubation at pH 3 or 4.2
resulted in aggregation of toxin, as shown by strong staining
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at the top of the gel. However, monomer and dimer bands
were also observed in the samples incubated at pH 3 and 4.2.
Monomer and dimer bands were weakest at pH 4.2, indicating
aggregation was most severe at this pH. Interestingly, after
incubation at low pH, the monomer band stained more strongly
than the dimer band. Therefore, low-pH incubation seems
to destabilize the dimer in the disaggregated population.

DiscussioN

One question partly answered by this study is what con-
formational changes occur in diphtheria toxin at low pH. As
noted by previous investigators, the toxin appears to have a
buried hydrophobic site (Boquet et al., 1976) exposed by low
pPH (Sandvig & Olsnes, 1981). Our results confirm this and
also show that exposure of buried Trp-containing sites occurs
at low pH. This is shown by the red shift of tryptophan
fluorescence emission and the increase in acrylamide quenching
of tryptophan at low pH. On the other hand, the fluorescence
emission A, and the slope of the acrylamide quenching curve
indicate incomplete exposure of tryptophans at low pH (Eftink
& Ghiron, 1976). Circular dichroism shows at most only a
small change in secondary structure from an apparent 3-
sheet-rich conformation to one with a small amount of ad-
ditional unordered conformation. Therefore, below pH 5, a
switch to a more “open” conformation, in which unfolding is
not extensive, occurs. Combining this conclusion with the
observation that higher temperature destabilizes the neutral
pH conformation, shifting the transition to a higher pH, and
with preliminary studies that reveal some similarities between
the low-pH and thermally denatured conformation® leads us
to believe that at low pH the toxin undergoes a change that
is similar to a partial denaturation but which has been adapted
for a functional role. Our present studies are directed toward
exploring this idea.

Factors other than low pH and high temperature might
conceivably give rise to a conformational change similar to
that induced by low pH or might regulate the effect of pH.
The observations in this report suggest that the various variants
in toxin structure (i.e., monomer or dimer, free or bound to
ApUp, niked or intact) do not have such a role. In addition,
reduction of the disulfide bonds does not seem to give rise to
a hydrophobic state. In fact, since reduction is unlikely in the
oxidizing external medium outside the cell and is inhibited in
a low-pH environment?, it would seem likely that reduction
occurs subsequent to membrane penetration.

Therefore, the experiments in this report are consistent with
the proposal that low pH is the main factor triggering mem-
brane penetration. Three physical properties of the toxin that
support this statement the following: (1) the transition occurs
at pH 5.3 at 37 °C, which is similar to the pH found in
endosomes (Geisow & Evans, 1984; Maxfield, 1982) and ly-
sosomes (Geisow, 1984); (2) detergent binds very tightly to
the protein at low pH, and tight binding to the hydrophobic
portion of the bilayer would be expected for efficient pene-
tration of membranes by the toxin (not to be confused with
tight extrinsic binding of the toxin to the membrane via a
receptor); (3) the kinetics of the low-pH-induced conforma-
tional changes easily meet the condition that they must be fast
enough to occur within a few minutes, the time scale of cy-
totoxicity appearance in cell culture (Marnell et al., 1984).

Another line of evidence consistent with a physiological role
for the low-pH-induced transition comes from the parallels
between the behavior of toxin and that of the fusion proteins

§ J. Zhao and E. London, unpublished observations.
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of viruses that penetrate acidic organelles. The pH needed
for influenza virus fusion is very similar to the pH of the toxin
transition (Huang et al., 1981; Maeda & Ohnishi, 1980; White
et al., 1981). Furthermore, fusion occurs rapidly upon ex-
posure to low pH, and the switch between fusogenic and
nonfusogenic states occurs over a narrow pH range (White
et al., 1983).

However, these results do not prove a role for low pH. We
must caution that the effects of several additional factors, such
as specific lipids, receptor binding, and transmembrane elec-
trochemical gradients, must still be investigated. These factors
may also alter the conformation or modify the effect of low
pH.

What triggers the low-pH change? Electrostatic changes
arising from protonation of acidic and/or basic groups could
either break salt bridges, create charge repulsions, create
isolated buried charges, alter hydrogen bonding, or increase
hydrophobicity by neutralizing charges. One possibility that
can be ruled out is that the only change at low pH is increased
hydrophobicity due to neutralization of carboxyl groups.
Because the pK,’s of such groups are lower in salt (Perrin &
Dempsey, 1974), this would predict a salt-induced shift in
transition pH, opposite in direction to that observed (Blewitt
et al.,, 1984). Salt could affect the relative stability of the
low-pH and neutral pH conformations through destabilization
of salt bridges by competition, through changes in pX,’s of
basic residues, or through destabilization of the compact
protein conformation through salt effects on electrostatic re-
pulsions.” The sharp low-pH change is most likely a coop-
erative process involving changes in several of these different
types of interactions.

We note that the extensive aggregation of toxin at low pH
is very important as it could give rise to various artifacts. In
the experiments in this report, aggregation probably affects
CD spectra and reversibility. In addition, if aggregation in-
volves interaction of hydrophobic regions, it may compete with
detergent binding, resulting in apparently weak detergent
binding which could be mistaken for reduced hydrophobicity.
These effects could explain the differences in toxin behavior
at pH 3 and 4.2, although they could also result from real
differences in conformation. Fluorescence intensity, Ap,,,
acrylamide quenching curves, and transition kinetics are all
similar at pH 3 and 4.2. Therefore, these parameters are
probably insensitive to aggregation. We are presently de-
veloping methods for more accurate determination of the
degree of aggregation and for its control. We hope that a
combination of biochemical and biophysical approaches will
help us to understand the behavior of this protein.
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