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ABSTRACT: Determination of the ratio of intrinsic fluorescence with dibrominated Bry 96 (F) relative to
that with unbrominated Bry 96 (Fp), at neutral pH and in the presence of 0.2 M NaCl, reveals that the
A subunit of cholera toxin (CT A) has a somewhat higher affinity for this mild detergent than intact cholera
toxin (CT) and its B subunit (CT B). Receptor (GM, or oligo-GM,) binding has no influence on the very
low detergent binding of CT and CT B. Activation of CT A by treatment with dithiothreitol (20 mM)
also does not affect detergent binding. The weak hydrophobic nature of CT A is also reflected by the negative
modulatory action of anionic phospholipids and deoxycholate on its mono-ADP-ribosyltransferase activity
and the ability of the former to decrease its intrinsic fluorescence intensity in a salt-resistant way. Detergent
binding of CT A is only slightly pH dependent whereas, upon lowering the pH, detergent binding to CT
or CT B becomes significant. In the pH range 6.5-4.2 a gradual increase in detergent binding to CT and
CT B occurs. In the narrow pH range 4.2-4.0 a sharp and time-dependent enhancement of brominated
Bry 96 quenching is observed. The increase in detergent binding upon lowering the pH is fully reversible,
salt dependent, and complete within 10 min (#;/, = 2 min at 25 °C). Solute quenching experiments with
the neutral polar quencher acrylamide reveal that upon lowering the pH to 5.0 a marked increase in the
exposure of the lone Trp-88 residue in each 3-polypeptide chain of CT B occurs. This phenomenon is also
fully reversible, salt dependent, and complete within 10 min (7, = 1.2 min at 25 °C). The acrylamide
fluorescence quenching of the A subunit (CT A) is not affected in the pH range (7.0-3.0) investigated.
Below pH 4.0 a progressive dissociation of CT B is observed as monitored by following the change in
steady-state fluorescence anisotropy (#,) of dansylated CT B. At 25 °C and pH 3.2, dissociation is complete
in 30 min, and a rate constant of 0.150 min™' is calculated. Complex formation of CT B with GM, or
oligo-GM, prevents the dissociation of CT B. This appears to be the result of shielding from protonation
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of amino acid residues committed to 3-polypeptide association.

Cholera toxin (CT,! M, ~84000) is an oligomeric protein
composed of two structural and functional distinct subunits,
CT A and CT B (M, ~29000 and ~ 55000, respectively).
CT B contains five identical polypeptide chains (M, 11 600)
arranged in a noncovalently associated ring-like pentameric
configuration. CT A consists of two polypeptides, A, or a-
chain (M, 23000) and A, or y-chain (M, 5500), linked by a
single disulfide bridge. CT action is initiated by rapid binding
to the outer cell membrane through interaction between CT
B and the monosialoganglioside GM, followed by entry of
polypeptide A, into the cell where it is able to stimulate
adenylate cyclase by catalyzing the ADP-ribosylation of the
G, subunit of the stimulatory GTP binding regulatory protein
[for reviews, see Finkelstein (1973), Holmgren et al. (1973),
Finkelstein (1975), Bennett and Cuatrecasas (1977), Gill
(1977), Holmgren (1978), Moss and Vaughan (1979), Lai
(1980), Johnson (1982), and Gilman (1984)].

The mechanisms of entry of the A, polypeptide chain remain
poorly defined. Several mechanisms of entry have been pro-
posed such as the creation of a hydrophilic channel following
binding of CT B to GM,. This channel may be formed by
the CT B itself (Gill, 1976) or by intrinsic membrane proteins
acting as translocators of the A; polypeptide chain (Gill, 1978).
An alternative explanation is that multivalent binding of the
CT B to several receptors would induce a perturbation in both
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the toxin and membrane structure (Kohn et al., 1980; Fishman,
1982). This would result in the dissociation of CT into CT
A and CT B and subsequent penetration of the A component
into the cell membrane. The initial highly specific interaction
of CT with the oligosaccharide moiety of GM, (oligo-GM,)
appears to occur without any substantial conformational
change (De Wolf et al., 1981b; Tomasi et al., 1984). It was
shown (De Wolf et al., 1981a,b; Sillerud et al., 1981; Tomasi
et al.,, 1984; Ludwig et al., 1985) that the lone Trp-88 residue
of each B-polypeptide chain is an important determinant in
this interaction. In a previous paper (De Wolf et al., 1985),
the pH dependence of the fluorescence characteristics of CT
that are related to this lone Trp-88 were examined.

This study is concerned with the effect of environmental
factors (pH, ionic strength, reducing agents) on the structure
of CT and its subunits with the emphasis on the formation or
exposure of hydrophobic domains. The potential implications
in the mechanism of translocation into or through the mem-
brane are discussed.

MATERIALS AND METHODS

Highly purified CT was obtained from List Biological
Laboratories Inc. (Campbell, CA). CT A and CT B were
prepared according to Finkelstein (1974) except that NaCl
(0.2 M) was omitted from the elution buffer during gel fil-
tration over Bio-Gel P-60. This resulted in a better resolution

! Abbreviations: Bry 96, poly(oxyethylene) 10 oleyl ether; CT, cholera
toxin; CT A, A subunit of cholera toxin; CT B, B subunit of cholera
toxin; Dns, dansyl [5-(dimethylamino)-1-naphthalenesulfonate]; GM;,
galactosyl-N-acetylgalactosaminyl(N-acetylneuraminyl)galactosyl-
glucosylceramide; Tris-HC, tris(hydroxymethyl)aminomethane hydro-
chloride.
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of CT A and CT B (V,/V, for A = 1.13; V,/V, for B = 1.61).
Biological activity was determined by the rabbit skin perme-
ability test (Craig, 1971). Concentrations of CT, CT A, and
CT B were calculated from published values for extinction
coefficients and molecular weights (Finkelstein, 1973). 5-
(Dimethylamino)-1-naphthalenesulfonate (dansyl, Dns) de-
rivatives of CT were prepared as previously described (De Wolf
et al.,, 1981b). Dns-CT A and Dns-CT B were derived from
Dns-CT according to the same method applied for the prep-
aration of native subunits. The degree of labeling, i.c., the
molar ratio of Dns to’CT, was determined from absorbance
measurements at 282 nm for CT [¢ = 95844 L/(mol-cm)]
(Finkelstein, 1973) and at 340 nm for the dye [e¢ = 3300
L/(mol-cm)] (Horton & Koshland, 1967). The GM, used in
these studies was derived from a Supelco (Bellafonte, PA)
preparation by preparative thin-layer chromatography (Mullin
et al., 1976). The ganglioside concentration was quantitated
from its sialic acid content with a micromodification of the
resorcinol method of Svennerholm (1957) with N-acetyl-
neuraminic acid (Calbiochem) as a standard. The oligo-
saccharide moiety of GM, was obtained from an ozonolysis
reaction followed by (i) an alkaline fragmentation procedure
as described by Wiegandt and Biicking and (ii) chromatog-
raphy on Dowex 1-X8 (Wiegandt & Biicking, 1970). Its
purity (over 95%) was confirmed by chromatography on
thin-layer silica gel G plates with 1-propanol and an aqueous
solution of 0.2% CaCl, (8:2) as the eluent (Fishman et al.,
1978; De Wolf et al., 1981a). Dibrominated Bry 96 was
prepared by titration of an aqueous solution of Bry 96 with
concentrated bromine water (Blewitt et al,, 1984). Acrylamide
was purchased from Merck and recrystallized from ethyl
acetate before use. The stock solution (8 M) of acrylamide
was used within a few days of preparation. To evaluate the
pH-dependence of Br-Bry 96 and acrylamide quenching of
protein fluorescence, the following buffering systems were used:
from pH 2.9 to pH 3.5, 0.05 M glycine hydrochloride/0.2 M
NaCl; from pH 3.7 to pH 5.0, 0.05 M sodium acetate/0.2 M
NacCl; from pH 5.6 to pH 6.6, sodium citrate/0.2 M NaCl;
from pH 6.5 to pH 7.5, 0.05 M Tris-HC1/0.2 M NaCl.
Protein solutions were obtained from the same stock solution
by 10-fold dilution in these buffers. Fluorescence intensities,
anisotropies, and excited-state lifetimes were recorded on a
SLM 4800 spectrofluorometer equipped with a Hewlett-
Packard 85 calculator and a 7225A plotter as previously de-
scribed (De Wolf et al.,, 1985). The excitation wavelength was
295 nm; emission wavelengths were 340, 345, and 330 nm for
CT, CT B, and CT A, respectively. Attenuation of the ex-
citation light intensity by acrylamide (ey; = 0.23 at 295 nm)
and dilution effects were corrected for by applying correction
factors as described by Parker (1968). Mono-ADP-ribosyl-
transferase activity was assayed measuring the formation of
[carbony!-**C]nicotinamide from [carbonyl-*CINAD* (~50
mCi/mmol, Amersham) in the presence of 60 mM L-arginine
methyl ester as an artificial ADP-ribose acceptor (De Wolf
et al,, 1981c). Phospholipids were purchased from Sigma.
Phospholipids dissolved in chloroform-methanol (2:1) were
dried under a stream of nitrogen and subsequently ultrason-
ically dispersed in buffer (1 mg/mL, Braun-Sonic 300, setting
60). Sonication times were 10 min for phosphatidylcholine,
3 min for phosphatidylethanolamine, and 2 min for phos-
phatidylserine and phosphatidylinositol at 0 °C.

RESULTS

Detergent and Phospholipid Binding of CT, CT A, and CT
B. Using the recently described technique of fluorescence
quenching detection of detergent binding (Blewitt et al., 1984),
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Table I: Quenching of Intrinsic Fluorescence of CT, CT A, and CT
B by Brominated Bry 96

F/Fyf /7"
compound pH 7.0 pH40 pH70 pHA40
CT 0.82 (0.81)® 0.40 1.02 0.91
CT + GM, 0.85 0.82
CT A 0.57 0.56 0.95 0.92
CT A (activated) 0.55 0.56 0.93 0.96
CTB 0.81 (0.80)° 041 1.03 0.95
CT B + GM; 0.82 0.81
CT A + GM, 0.51 0.47

“F/Fq and 7/7¢ are respectively the ratios of intrinsic fluorescence
intensities and excited-state lifetimes with brominated Bry 96 (F, r)
relative to that with unbrominated Bry 96 (F;, ;) in the presence of
0.2 M NaCl and at 25 °C. Activated CT A was prepared by treating
the native subunit with 20 mM dithiothreitol for 1 h at 30 °C. The
protein and GM, concentrations were 1 and 20 uM, respectively.
¥ F/F, obtained with CT or CT B initially incubated for | h at pH 4.0
and subsequently pH readjusted to pH 7.0.

we examined the binding of the mild detergent Bry 96 to CT,
CT A, and CT B. Determination of the ratio of intrinsic
fluorescence with brominated Bry 96 (F) relative to that with
unbrominated Bry 96 (F;), both in the presence of 0.2 M
NaCl, indicates that at neutral pH the A subunit has a
somewhat higher affinity for this mild detergent than the
holotoxin and CT B (Table I).

The affinity appears to be low since no quenching (detergent
binding) is observed upon reducing the Br-Bry 96 concen-
tration down to 0.005%. The decrease in fluorescence intensity
by the addition of Br-Bry 96 is not paralleled by a similar drop
in average fluorescence excited-state lifetime (Table I). Ad-
dition of GM, or oligo-GM, to CT or its subunits does not
alter detergent binding at neutral pH. Also, activation of CT
A by addition of dithiothreitol (20 mM), which is essential
for expression of catalytic (mono-ADP-ribosyltransferase)
activity, has no further effect on its detergent binding (Table
).

The presence of hydrophobic domains on CT and its sub-
units was also investigated by looking at their interaction with
phospholipids. As indicated in Figure 1, various phospholipid
dispersions are able to decrease the fluorescence intensity of
CT, CT A, and CT B. The efficacy of quenching is to some
degree dependent on the nature of the phospholipid added.
Acidic phospholipids being somewhat more effective than the
zwitterionic phospholipids. Addition of phospholipids does not
induce a shift in the fluorescence emission spectra of CT, CT
A, and CT B. Whereas increasing the ionic strength partially
or almost completely reverses the phospholipid-induced
quenching of fluorescence of CT and CT B (Figure 1b,f),
addition of NaCl enhances the phospholipid quenching of the
fluorescence of CT A (Figure 1d).

Phospholipids are also able to modulate the mono-ADP-
ribosyltransferase activity of activated CT A. Anionic
phospholipids cause partial inhibition of transferase activity;
phosphatidylcholine, on the other hand, significantly enhances
activity (Table II). Sodium deoxycholate (0.1%) completely
blocks the transferase activity whereas the neutral detergent
Bry 96 has no effect.

Effect of pH on Detergent Binding of CT, CT A, and CT
B. Detergent binding of CT A is only slightly pH dependent
whereas upon lowering the pH to 4 detergent binding to CT
and CT B is significantly enhanced (Table I). In the pH range
6.5-4.2, a gradual and time-dependent increase in detergent
binding to CT and CT B occurs (Figure 2). In the narrow
pH range 4.2-4.0, a sharp enhancement of Br-Bry 96
quenching is observed. As also shown in Figure 2, pH-induced
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Table 1I: Effect of Phospholipids and Detergents on
Mono-ADP-ribosyltransferase Activity of CT A

70f

60

B
L

(c) (d)
100qe

901

80} \,__‘__’_1
N
:

70

Relative fluorescence intensity

60r

(e) )

—

100

-

90

801
70r-

sof

H L

L
120 O 40 80

Phospholipid [pM] NaC! [mM]

FIGURE 1: Effect of phospholipids and NaCl on the fluorescence
intensity of CT (a, b), CT A (c, d), and CT B (e, f). Phospholipids
were dissolved in chloroform~methanol (2:1) and dried under a stream
of nitrogen. After buffer was added to the dry lipid to obtain a final
concentration of 1 mg/mL, the suspension was sonicated to clarity
with a Braun sonifier under a stream of nitrogen at 0 °C. Protein
concentration was around 1 uM. (O) Phosphatidylcholine; (A)
phosphatidylinositol; (@) phosphatidylethanolamine; (A) phospha-
tidylserine.
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changes in Br-Bry 96 fluorescence quenching of CT or CT B
are superimposed on but clearly distinct from strong intrinsic
quenching.

In contrast to the pH-induced intrinsic quenching, which
occurs without any appreciable time lag, the increase in de-
tergent binding is time dependent. Upon measuring Br-Bry
96 quenching immediately after mixing of CT or CT B with
appropriate buffer, a less pronounced increase in Br-Bry 96
binding without a sharp transition with a midpoint at pH 4.1
is observed (Figure 2). At pH 3.75 and 25 °C, detergent
binding reaches its maximum in 10 min with a ¢, ; of 2 min
(Figure 3). During this time, the fluorescence intensity is not
further affected (Figure 3). The pH-induced conformational
change of CT or CT B resulting in an increase of detergent
binding is fully reversible as evidenced by the complete reversal
of Br-Bry 96 quenching after readjusting the pH from 4.0 to
7.0 with a dilute NaOH solution (Table I). Increased Bry 96

effector concentration  activity (%)

none 100
phosphatidylcholine 50 uM 108
250 uM 155
phosphatidylethanolamine 50 uM 100
250 uM 107
phosphatidylserine 50 uM 66
250 uM 25
phosphatidylinositol 50 uM 45
250 uM 21
sodium deoxycholate 0.005% 72
0.01% 21

0.1% <0.5
Triton X-100 0.005% 100
0.01% 92
0.1% 84
Bry 96 0.005% 100
0.01% 100
0.1% 100

9CT A (1.5 uM) was preincubated with the indicated amounts of
phospholipid or detergent for 15 min at 37 °C and subsequently incu-
bated with 200 mM sodium phosphate, pH 7.4, 2 mM [carbonyl-'*C]-
NAD* (53 mCi/mmol), 60 mM L-arginine methyl ester, and 20 mM
dithiothreitol for 1 h at 37 °C. Values are the means for three sepa-
rate experiments.
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FIGURE 2: pH dependence of the fluorescence intensity and Br-Bry
96 quenching of the fluorescence of (a) CT, (b) CT B, and (¢) CT
A. Fluorescence intensities in the absence or the presence of 0.1%
unbrominated Bry 96 (F,) and 0.1% Br-Bry 96 (F) were measured
on a series of solutions of CT, CT A, and CT B obtained by 10-fold
dilution of stock solutions with appropriate buffers. (A) Fluorescence
intensities; (O) F/F; ratios measured immediately after mixing of
protein and buffer; (@) F/F, ratios measured 1 h after mixing of
protein and buffer.

binding to CT and CT B (at pH 4.0) is salt sensitive (Figure
4) but independent of the nature of the electrolyte (Table III).
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Table III: Effect of Salts upon pH Dependence of Fluorescence
Quenching of CT B and CT A with Br-Bry 96

F/Fy
CTB CT A
salt (pH 3.75) (pH 7.0)

none 0.62 0.83
200 mM NaCl 0.40 0.56
200 mM KCl 0.41 0.61
200 mM LiCl 0.41 0.57
200 mM KOAc 0.40 0.56
150 mM CaCl, 0.42 0.58
150 mM Mg(OAc), 0.42 0.57
200 mM NaCl + 10 mM EGTA 041 0.56

FIGURE 3: Kinetics of acid-induced changes in CT conformation. The
fluorescence intensity (O), acrylamide quenching (@), and brominated
Bry 96 quenching (4a) of CT (0.5 uM) in 0.05 M sodium acetate
buffer, pH 3.75, containing 0.2 M NaCl were recorded at 25 °C as
a function of time. Acrylamide and Br-Bry 96 concentrations were
0.4 M and 0.1%, respectively.

(a)
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FIGURE 4: Effect of NaCl on Br-Bry 96 quenching of CT (a) and
CT B (b). Fluorescence intensities in the presence of 0.1% un-
brominated Bry 96 (F;) and 0.1% Br-Bry 96 (F) were measured as
a function of NaCl concentration on CT (Q) and CT B (a) in 0.005
M sodium acetate buffer, pH 3.9, and on CT A (@) in 0.005 M

Tris-HCl buffer, pH 7.0. Fluorescence intensities were measured after
incubation for 1 h at room temperature.

Since the detergent binding itself is salt dependent as indicated
by the salt effect on Br-Bry 96 quenching of the fluorescence
of CT A (Figure 4), it is difficult to evaluate the exact in-
fluence of ionic strength on the pH-induced exposure of hy-
drophobic domains on CT B. In the presence of GM; and
oligo-GM |, no pH-induced enhancement of detergent binding
of CT and CT B is observed.

Effect of pH on the Acrylamide Fluorescence Quenching
of CT, CT A, and CT B. Further characterization of the
pH-induced conformational changes in toxin structure was
achieved by performing fluorescence quenching experiments
with acrylamide. Acrylamide is a neutral polar quencher that
reports not only on the “steady state” but on the “dynamic”
exposure of Trp residues in a protein as well (Eftink & Ghiron,
1976, 1977). The quenching is not affected by local electro-
static effects, reducing the ambiguity in the interpretation of
the quenching properties.

Figure 5a shows the effect of pH on the acrylamide
anenching of the fluorescence of CT. In the pH range 7.0-5.0

4 F/F, is the ratio of fluorescence intensity of CT B and CT A in the
presence of 0.1% Br-Bry 96 (F) relative to that with unbrominated Bry
96 (Fy). Fluorescence intensities were measured at 25 °C with an ex-
citation wavelength of 295 nm and emission wavelengths of 330 and
345 nm for CT A and CT B, respectively. Buffer concentrations were
0.005 M.
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FIGURE 5: pH dependence of acrylamide quenching of the fluorescence
intensity of (a) CT, (b) CT B, and (c) CT A. Fluorescence intensities
in the absence (F,) and presence (F) of acrylamide (0.4 M) were
measured on a series of solutions of CT, CT A, and CT B obtained
by 10-fold dilution of stock solutions with appropriate buffers con-
taining 0.2 M NaCl. The excitation wavelength was 295 nm; emission
wavelengths were 340, 345, and 330 nm for CT, CT B, and CT A,
respectively. (Q) F/F,ratios measured immediately after mixing of
protein and buffer; (@) F/F, ratios measured 1 h after mixing of
protein and buffer.

and in the presence of 0.2 M NaCl, a significant increase in
fluorescence quenching occurs. This pH dependence is not
detected when the quenching is measured immediately after
mixing of CT with appropriate buffer but becomes clearly
observable after standing of the solution for 1 h. A similar
effect of pH on the acrylamide quenching of the fluorescence
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FIGURE 6: Stern-Volmer plots of fluorescence quenching of the CT
B by acrylamide at pH 7.0 (O) and pH 4.75 (@). The excitation
wavelength was 295 nm, and the emission wavelength was 345 nm.

of CT B is noticed (Figure 5b) whereas in the pH range 7-3.0
the quenching of CT A is not affected (Figure 5c).

The variations of fluorescence intensity of CT B with respect
to acrylamide concentration at neutral and acidic pH (pH
4.75) show upward curving Stern—Volmer plots (Figure 6).
From the initial slopes of these plots, apparent K, values of
1.5 and 3.4 M~! at pH 7.0 and pH 4.75, respectively, were
calculated. Since the fluorescence of CT and CT B is related
to the indole fluorescence of the lone Trp-88 residue of each
B-polypeptide chain (De Wolf et al., 1981a,b), changes in
acrylamide quenching are indicative of changes in exposure
of Trp-88.

Increased acrylamide quenching of the fluorescence of CT
and CT B at low pH is not the result of an increase in the
average fluorescence excited-state lifetime of Trp-88. On the
contrary, upon lowering the pH to 5.0 of a solution of CT B,
a significant drop (from 3.6 to 2.8 ns) in the average
fluorescence excited-state lifetime has been observed (De Wolf
et al., 19895).

Although lowering the pH results in an immediate and
strong depression of the fluorescence intensities of CT and CT
B (Figure 2), the time-dependent enhanced exposure of Trp-88
is not associated with further changes in fluorescence intensity
- (Figure 3), and no shift in fluorescence emission spectrum can
be observed. The kinetics of exposure of Trp-88 are shown
in Figure 3. Increased exposure of Trp-88 is complete in 10
min with at 7,,, = 1.2 min at 25 °C.

The pH-induced increase in exposure of Trp-88 is salt de-
pendent (Table IV). In the absence of 0.2 M NaCl, almost
no pH-induced increase in fluorescence quenching of CT (not
shown) and CT B is observed. The effect of salt appears to
be independent of the type of ion present, indicating ionic
strength is important.

The conformational change that enhances the exposure of
Trp-88 is completely reversible. Reversing the pH from 5.0

Table IV: Effect of Salts upon pH Dependence of Fluorescence
Quenching of CT with Acrylamide

F/Fy
salt pH 4.75 pH 7.0
none 0.56 0.61
200 mM NacCl 0.40 0.61
200 mM KCl 0.42 0.62
200 mM LiCl 0.41 0.61
200 mM KOAc 0.40 0.61
150 mM CacCi, 0.41 0.62
150 mM Mg(OAc), 0.40 0.61
200 mM NaCl + 10 mM EGTA 0.41 0.60

9F/F, is the ratio of fluorescence intensity of CT in the presence of
0.4 M acrylamide (F) relative to that in the absence of acrylamide
(Fp). Fluorescence intensities were measured at 25 °C with an excita-
tion wavelength of 295 nm and emission wavelength of 340 nm. Buffer
concentrations were 0.005 M.

to 7.0 restores the accessibility of Trp-88 for acrylamide to
its original value. In the presence of GM, or oligo-GM|, no
pH-induced conformational change in the CT or CT B
structure can be detected as monitored by acrylamide
quenching of fluorescence. This is not surprising in the light
of the localization of Trp-88 in the binding site of CT. We
have previously shown that complex formation of CT or CT
B with GM, or oligo-GM, results in an almost complete
shielding of Trp-88 from interaction with charged (I7) and
neutral (acrylamide) solute quenchers (De Wolf et al., 1981b,
1983).

Effect of pH on Pentameric Structure of CT B. The effect
of pH on the degree of dissociation of CT B can be easily
followed by measuring the “steady-state” fluorescence anis-
tropy (r,) of Dns-CT B. This is evidenced by (i) the coincident
change in elution volume after gel filtration on a Bio-Gel P-60
column and (ii) the almost identical r, values obtained with
Dns-CT B after standing for 30 min at pH 3.2 and with
nitrophenylsulfenylated Dns-CT B. In the latter case, it has
been shown that, after this specific modification of the single
Trp-88 residue of each §-polypeptide chain, CT B is present
(even at neutral pH) in its monomeric form (De Wolf et al.,
1981a).

Upon monitoring for 1 h »; of Dns-CT B in the pH range
7-4, no significant dissociation of CT B is apparent. Therefore,
changes in Br-Bry 96 and acrylamide quenching of the
fluorescence of CT B in this pH range cannot be attributed
to a loss of pentameric structure. Below pH 4.0, however, a
loss of pentameric structure becomes apparent. As shown in
Figure 7, dissociation is complete within 30 min at 25 °C and
pH 3.2. Under these conditions the dissociation is first order
with time, displaying a rate constant of 0.150 min™!. In the
presence of GM, or oligo-GM |, dissociation of CT B at low
pH is prevented (Figure 7). This is also demonstrated by the
elution of the acidified (pH 3.2) CT B-GM, complex at the
void volume of a Bio—Gel P-60 column.

The stabilizing effect is probably due to shielding from
protonation of amino acid residues involved in the association
of B-polypeptide chains. This lack of protonation of amino
acid residues is suggested by the following experiment. As
shown in Figure 8 and previously described in more detail (De
Wolf et al., 1985), a strong depression of fluorescence intensity
of CT B is observed upon lowering the pH to 4.5. Complex
formation of B with GM, or oligo—~GM, (not shown) prior to
lowering the pH prevents this quenching. Addition of GM;
or oligo-GM, after lowering the pH however does not reverse
this quenching. This indicates that also in a CT B-GM;
complex protonated amino acid residues are still quenching.
At pH 4.5 the binding of GM, or oligo-GM, to CT B appears
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FIGURE 7: Low pH induced changes in steady-state fluorescence
anisotropies (r;) of Dns-CT B in the absence (®) and presence of GM,
(4 uM) (O) or oligo-GM, (4 uM) (A) as a function of time. The
Dns-CT B (2.6 dansyl residues/CT B molecule) concentration was
0.2 uM. Measurements were in glycine hydrochloride buffer (0.05
M) (pH 3.2) containing 0.2 M NaCl at 25 °C. The excitation and
emission wavelengths were 340 and 525 nm, respectively.

normal as evidenced by the characteristic “blue shift” in the
fluorescence emission maximum (Figure 8). However, the
quenching persists after reversing the pH of the protonated
CT B-GM, complex to pH 7.0 or even pH 9.0.

DiscuUssION

Using fluorescence quenching detection of detergent binding,
we examined the binding of the mild detergent Bry 96 to CT
and its subunits. Our data suggest that CT A displays a
somewhat higher affinity for this mild detergent than CT and
CT B. Fluorescence quenching of CT A by brominated Bry
96 is probably not the result of a collisional interaction between
the detergent and indole groups (the a-polypeptide chain of
CT A contains three Trp residues whereas the y-polypeptide
chain is devoid of Trp residues) since the average fluorescence
excited-state lifetime of these equally accessible (De Wolf et
al., 1981a) indole side chains is not affected.

The partial hydrophobic nature of CT A is also reflected
by its ability to interact with phospholipids as evidenced by
the salt-enhanced fluorescence quenching and the ability of
phospholipids and deoxycholate to modulate the mono-ADP-
ribosyltransferase activity of CT A. Since in the latter case
the substrates of the enzymatic reaction (NAD®, L-arginine
methyl ester) are water soluble, an interaction of the phos-
pholipids with the enzyme is inferred. Because of its salt
resistance, it is unlikely that this interaction is electrostatic
in nature. The differential effects of anionic and neutral
phospholipids and detergents in the mono-ADP-ribosyl-
transferase action are probably resulting from the net negative
charge of the ADP-ribose donor NAD*. Previous studies using
charge-shift electrophoresis (Ward et al., 1981) were unable
to reveal any detergent binding to CT and to its subunits. The
lower ionic strength in the electrophoretic separations and the
low affinity probably account for this discrepancy. Qur data
also suggest that in the holotoxin the hydrophobic domain on
CT A is shielded from interaction with Br-Bry 96 and that
receptor binding does not induce the exposure of this hydro-
phobic domain on the CT structure. One should, however,
also consider the possibility that in the intact toxin detergent
binding (as measured by fluorescence quenching) to CT A
escapes from detection because of strong internal quenching
of the fluorescence of the Trp residues residing in CT A. The
occurrence of a strong intrinsic quenching of the fluorescence
of Trp residues present in CT A of the holotoxin is suggested
by the similar average fluorescence excited-state lifetimes,
solute quenching characteristics of CT and CT B, and the low
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FIGURE 8: Fluorescence emission spectra of CT B under different
experimental conditions. CT B solutions were of constant ionic strength
(0.2 M NaCl), and pH adjustments were performed by adding small
aliquots of 0.05 M HCl or 0.075 M NaOH. The excitation wavelength
was 282 nm, and spectra were recorded 30 min after addition of ligand
or adjustment of pH. CT B and GM; concentrations were 0.5 and
10 uM, respectively. (1) CT B complexed with GM, at pH 7.0 and
subsequently acidified to pH 4.5; (2) CT B at pH 7.0; (3) CT B initially
acidified to pH 4.5 and subsequently readjusted to pH 7.0; (4) CT
B acidified to pH 4.5 and after complexation with GM, readjusted
to pH 7.0; (5) CT B acidified to pH 4.5 and subsequently complexed
with GM; (6) CT B acidified to pH 4.5.

quantum yield of CT as compared to its constituent subunits
(De Wolf et al., 1981b, 1985). However, using Triton X-100
micelles containing a photoreactive azidoglycolipid, Tomasi
et al. (1984) also found a negligible interaction between CT
and this neutral detergent, supporting the view of a lack of
binding of detergent to CT A in intact CT. Reduction of the
disulfide bridge, which leads to a slow dissociation of the
a-chain from s, resulted in a significant photolabeling of
the a-polypeptide chain. This would suggest that the un-
masked hydrophobic region is located at the intersubunit in-
terface of the a- and y-polypeptide chains. Since activation
of CT A by treatment with dithiothreitol does not affect de-
tergent binding, our data suggest that the hydrophobic domain
on CT A is rather located at the intersubunit interface between
the a- and B-polypeptide chains whereas dissociation of & from
+ does not contribute to the formation of hydrophobic regions
but may be important for the exposure of the catalytic domain.

The increased quenching of CT with Br-Bry 96 upon low-
ering the pH suggests that there is a pH-induced couforma-
tional change unmasking or forming hydrophobic domains on
the CT surface. These pH-induced hydrophobic protein re-
gions are formed on CT B because of the similar results ob-
tained for both CT and CT B. The increased quenching with
Br-Bry 96 might be the result of the enhanced accessibility



STRUCTURE-FUNCTION STUDIES OF CHOLERA TOXIN VOL. 26, NO. 13, 1987 3805

(exposure) of Trp-88 of each S-polypeptide chain and/or en-
hanced binding of detergent. Because of the significant en-
hancement in acrylamide quenching of CT and CT B upon
lowering the pH to 5.0 and taking into consideration that the
fluorescence of CT B is related to the lone Trp-88 residue of
each 3-polypeptide chain, it can be assumed that the hydro-
phobic indole side chain of Trp-88 indeed becomes more €x-
posed. Furthermore, both the pH-induced exposure of Trp-88
and increased detergent binding are reversible and display
similar kinetics, further pointing to a causal relationship. The
Br-Bry 96 quenching as a function of pH, however, displays
a different profile. Maximal quenching is observed below pH
5.0, indicating that the hydrophobicity is increased inde-
pendently of further exposure of Trp-88. The quenching in
the pH range 7-4.0 is not the result of dissociation of CT B
into its constituent monomers since (i) the quenching is re-
versible, (ii) binding to GM, or oligo-GM |, which is dependent
on the multimeric nature of CT B, is not affected (similar “blue
shift” in fluorescence emission spectra and shielding of the
fluorescence of CT B-GM, from quenching with acrylamide),
and (iii) the steady-state anisotropy of Dns-CT B in the pH
range 7-4 is not significantly altered within 1 h. The sharp
increase in Br-Bry 96 quenching at pH 4.1 suggests that the
conformational change exposing hydrophobic domains on CT
B is triggered by a cooperative process involving the breaking
of salt bridges, creation of charge repulsions, and changes in
hydrogen bonding. Since the effect is time dependent, it is
not merely the result of a deionization of carboxyl groups in
CT B.

Upon decreasing the pH below 4, dissociation of CT B is
observed, which seems not to be associated with further for-
mation or exposure of hydrophobic domains. Complex for-
mation of CT B with GM; or oligo-GM, however prevents the
dissociation of CT B into its constituent monomers. This could
be the result of shielding from protonation of amino acid
residues committed to subunit association and/or cross-linking
of the g-polypeptide chains by oligo-GM,.

A lack of protonation of certain amino acid side chains in
the CT B-GM, complex, at low pH, was also suggested by
the previous observation that complex formation of CT B with
GM, or oligo-GM, prevents the pH-dependent intrinsic
quenching of the Trp-88 fluorescence (De Wolf et al., 1985).
In the same report it was also proposed that the amino acid
side chains involved in the pH-induced intrinsic fluorescence
quenching of Trp-88 are respectively Glu-11 and His-13 in
the acidic pH range and Tyr-12 in the alkaline pH range (De
Wolf et al., 1985). These amino acid side chains are believed
to be in close proximity of Trp-88 because of the single in-
trachain disulfide bridge between positions 9 ard 86 joining
the C- and N-terminal regions of the 8-polypeptide chain of
CT B.

In this study we further show that, after protonation of these
amino acid side chains, addition of GM, or oligo-GM, is not
able to reverse the fluorescence quenching. Under these
conditions binding appears to be normal as evidenced by (i)
the characteristic blue shift in the fluorescence emission
spectrum and (ii) the strong inhibition of acrylamide
quenching. This demonstrates that in the CT B-GM, complex
protonated amino acid side chains are still able to quench
Trp-88 fluorescence. Moreover, neutralization or even al-
kalinization of the protonated CT B-GM, complex does not
reduce the quenching whereas reversing the pH of acidified
CT B to neutral pH almost completely restores the fluores-
cence intensity. These experiments suggest that some protons:
are trapped in the CT B-GM, (CT B-oligo-GM,) complex

and further illustrate the lack of exchange of these protons
with the medium.

The foregoing also supports our previous contention that
the binding sites of CT are located in clefts formed by adjacent
B-polypeptide chains of CT B (De Wolf et al., 1981b). Since
oligo-GM, exerts a similar stabilizing effect upon the pen-
tameric structure of CT as GM|, one could imagine that the
carbohydrate moiety of GM; actually causes cross-linking of
the 8-polypeptide chains of CT B. The terminal galactose
residue could for instance interact with Trp-88 (via hydrogen
bonding) on one 3-polypeptide chain and the sialic acid residue
interacting with a positively charged amino acid residue
(Arg-35 or Lys-?) on the adjacent §-polypeptide chain.

Our data also imply that Glu-11, Tyr-12, and His-13 located
in or near this cleft forming the binding site for GM,. In this
respect it is interesting to note that this particular sequence
(-Cys-Ala-Glu!'-Tyr!?-His!3-) comprises the region (-Cys-
Ala-Glu-Tyr-), which has been shown (Ledley et al., 1976;
Kurosky et al., 1977) to be significantly homologous to the
highly preserved region (-Cys-Ala-Glu-Tyr-Cys-) of the 8-
subunit of the glycoprotein hormones (TSH, LH, hCG, and
FSH) and serine proteases.

In conclusion, our experiments show that, in contrast to CT
and CT B, CT A is slightly hydrophobic and that there are
pH-induced (reversible) conformational changes in the CT B
of the holotoxin that appear to form or unmask hydrophobic
domains. The results are also in agreement with previous
studies (De Wolf et al., 1981b; Tomasi et al., 1984) showing
that the mere binding of CT to its receptor is not sufficient
to induce a conformational rearrangement in the toxin
structure allowing the a-subunit to interact with the lipid
bilayer. Presumably some processing of the toxin is a prere-
quisite for penetration of the active part into or through the
lipid bilayer of the cell membrane. Cleavage of the interchain
disulfide bridge joining the - and v-subunits by a thiol:protein
disulfide oxidoreductase might provide such a function (Moss
et al., 1980). Binding of CT B to GM, would serve to bring
the a-subunit in close proximity of the lipid bilayer. Following
dissociation of the a-subunit from the stable 85y (GM,);
complex, its weak hydrophobic nature might be sufficient to
allow initial interaction with the lipid bilayer.

The role of the acid-induced exposure of hydrophobic do-
mains of CT B in the penetration process is still obscure. In
contrast with diphtheria toxin (Olsnes & Sandvig, 1983;
Blewitt et al., 1985), the importance of low pH in membrane
penetration of CT is not evident. Although ultrastructural
studies (Joseph et al., 1978) show internalization of CT,
biochemical studies using lysosomotropic amines provide no
conclusive evidence that receptor-mediated endocytosis and
exposure to acidic pH is an essential step in CT action
(Houslay & Elliott, 1981; Hagmann & Fishman, 1981; Gill
et al., 1981). Furthermore, studies using photoreactive gly-
colipid and phospholipid compounds incorporated into model
membranes demonstrated that only CT A was labeled when
the photoactivated label was buried in the phospholipid bilayer
(Tomasi & Montecucco, 1981; Wisnieski & Brambhall, 1981;
Tomasi et al., 1982). These data were therefore not compatible
with the formation of a hydrophilic channel by the G-poly-
peptide chains of CT B. However, these experiments do not
unequivocally show that CT A is actually penetrating the lipid
bilayer to which the CT B is bound. In the latter case, the
photoaffinity labeling of CT A should show saturation kinetics
(optimal labeling when all the toxin is bound), which is not
evident from their data (Tomasi & Montecucco, 1981; Wis-
nieski & Bramhall, 1981; Tomasi et al., 1982). Therefore,
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these experiments do not exclude the possibility that CT A
of the holotoxin is interacting directly in a nonspecific manner
with the different model membranes.

Finally, binding of the CT B to GM, stabilizes its quater-
nary structure. This might offer an explanation for the ob-
servation that although a rapid internalization of CT occurs
(Joseph et al., 1978), 'I-CT remains persistently (several
days) bound to human fibroblasts and is degraded slowly
(Chang et al.,, 1983). Since during this time the toxin is
probably recycled back to the cell surface, the stabilizing effect
of GM, might protect against dissociation and loss of binding
at the acidic pH of intracellular compartments such as en-
dosomes and lysosomes. It is therefore not excluded that this
persistent binding of CT enables the CT A to penetrate into
the cell at both the level of the cell surface and the level of
the membranes of the vacuolar apparatus, which is in ac-
cordance with the partial protective effects of lysosomotropic
amines (Houslay & Elliott, 1981; Hagmann & Fishman, 1981;
Gill et al., 1981).
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