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ABSTRACT: Cholera toxin entry into mammalian cells is mediated by binding of the pentameric B subunit
(CTB) to ganglioside GM1 in the cell membrane. We used flow cytometry to quantitatively measure in
real time the interactions of fluorescently labeled pentameric cholera toxin B-subunit (FITC-CTB) with
its ganglioside receptor on microsphere-supported phospholipid membranes. A model that describes the
multiple steps of this mode of recognition was developed to guide our flow cytometric experiments and
extract relevant equilibrium and kinetic rate constants. In contrast to previous studies, our approach takes
into account receptor cross-linking, an important feature for multivalent interactions. From equilibrium
measurements, we determined an equilibrium binding constant for a single subunit of FITC-CTB binding
monovalently to GM1 presented in bilayers of∼8 × 107 M-1 while that for binding to soluble GM1-
pentasaccharide was found to be∼4 × 106 M-1. From kinetic measurements, we determined the rate
constant for dissociation of a single site of FITC-CTB from microsphere-supported bilayers to be (3.21
( 0.03)× 10-3 s-1, and the rate of association of a site on FITC-CTB in solution to a GM1 in the bilayer
to be (2.8( 0.4)× 104 M-1 s-1. These values yield a lower estimate for the equilibrium binding constant
of ∼1 × 107 M-1. We determined the equilibrium surface cross-linking constant [(1.1( 0.1) × 10-12

cm2] and from this value and the value for the rate constant for dissociation derived a value of∼3.5 ×
10-15 cm2 s-1 for the forward rate constant for cross-linking. We also compared the interaction of the
receptor binding B-subunit with that of the whole toxin (A- and B-subunits). Our results show that the
whole toxin binds with∼100-fold higher avidity than the pentameric B-subunit alone which is most
likely due to the additional interaction of the A2-subunit with the membrane surface. Interaction of cholera
toxin B-subunit and whole cholera toxin with gangliosides other than GM1 revealed specific binding only
to GD1b and asialo-GM1. These interactions, however, are marked by low avidity and require high receptor
concentrations to be observed.

Many biological toxins enter cells by a mechanism that
begins with binding to specific receptors on a cell surface.
The soluble ligands that interact with cell surface receptors
may be monovalent as are some small peptide ligands,
bivalent as are many large peptide hormones or antibodies,
or of even higher valencies. The latter includes interactions
between many microbial or plant toxins and cell surface
gangliosides. Cholera toxin (CT)1 entry into intestinal
epithelial cells is mediated by binding of the pentameric
B-subunit (CTB) to the ganglioside GM1 in the cell’s
membrane. Notable features of this interaction include a low-
affinity monovalent interaction between individual B-subunits
and the carbohydrate moiety of GM1, an effective high-
affinity multivalent interaction between the pentameric

B-subunit and several membrane-bound GM1 molecules, and
the lateral mobility of the GM1 molecule within the bilayer
membrane.

Thermodynamic and kinetic properties of the interaction
of cholera toxin or its B-subunit with GM1 have previously
been investigated using traditional receptor binding methods,
e.g., radioligands (2, 3), and calorimetry (4), and more
recently homogeneous methods, specifically surface plasma
resonance [SPR; (5-8)]. While these SPR studies provided
improved kinetic resolution, they used a single-site binding
model to describe the toxin receptor interaction to interpret
data generated mostly at a single receptor density. Since the
interaction between cholera toxin and its cell surface receptor
is multivalent, a complete description requires consideration
of receptor cross-linking, a process that depends on receptor
density and mobility.

In the present work, we have taken advantage of flow
cytometry’s ability to make sensitive and quantitative
measurements of molecular interactions with continuous,
subsecond kinetic resolution (9, 10) to characterize in detail
the multivalent interaction of CT with GM1. We have
developed a multistep model (see Figure 1) to guide our flow
cytometric measurements and to extract equilibrium binding
and kinetic rate constants. This is the first detailed mecha-
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nistic description of the multivalent interaction of cholera
toxin with GM1 that is based on quantification of equilibrium
binding and kinetic rate constants.

MATERIALS, METHODS, AND MODELING

Materials. CT, FITC-CTB, and gangliosides GM1 and
GT1b were from Sigma Chemical Co. (St. Louis, MO). All
other gangliosides were from Matreya Inc. (Bellefonte, PA).
GM1 pentasaccharide salt was from Alexis Biochemicals
(San Diego, CA). Phospholipids were from Avanti Polar
Lipids (Alabaster, AL). Nonporous silica microspheres were
purchased from Bangs Laboratories (Fishers, IN). 6-Car-
boxyfluorescein succinimidyl ester was from Molecular
Probes (Eugene, OR). FITC-labeled calibration standards
were from Flow Cytometry Standards Corp (San Juan, PR).

Preparation of Liposomes and Lipid-Coated Microspheres.
Liposomes were prepared by depositing lipid mixtures as a
thin film on the bottom of a glass tube by evaporating under
a stream of nitrogen gas and resuspending in buffer by
vortexing. The resulting multilamellar vesicle preparation was
sonicated to clarity in a bath sonicator. Supported bilayers
were formed by incubating liposomes with silica micro-
spheres (2µmol of lipid/1 × 107 microspheres) overnight
at room temperature, followed by washing by three cycles
of centrifugation and resuspension in buffer TES (50 mM
Tris/1 mM EDTA/100 mM NaCl, pH 8.0). Incubation of
samples was carried out for 30-60 min at 22°C at a final

concentration of 5× 105 microspheres/mL in TES containing
0.1 mg/mL BSA (TSB) and followed by measurement of
microsphere fluorescence by flow cytometry (11, 12).

Preparation and Calibration of Fluorescent Ligands.
Protein concentrations of toxin stock solutions were deter-
mined using the BioRad protein assay (Hercules, CA).
Cholera toxin was labeled with 6-carboxyfluorescein suc-
cinimidyl ester. Fluoresceinated toxins were also measured
by absorbance at 490 nm using an extinction coefficient of
8.1× 104 M-1 cm-1. Fluorescein stock solutions were meas-
ured by absorbance at 490 nm using an extinction coefficient
of 7.25× 104 M-1 cm-1. Cuvette fluorescence measurements
were made using a SPEX 1680 spectrofluorometer (Edison,
NJ) and 1 cm square plastic cuvettes (Evergreen, Los
Angeles, CA). Emission spectra were acquired and integrated
and the buffer background subtracted using the SPEX
Fluorolog software. The fluorophore-to-protein ratio (F/P)
was found to be 4.3 and 1.4 for FITC-CTB and for
6-carboxyfluorescein-CT (FAM-CT), respectively. The quan-
tum yields of fluorescent proteins relative to free fluorescein
were determined by comparing fluorescence measurements
of the absorbance-calibrated stock solutions and were 0.14
for FITC-CTB and 0.08 for FAM-CT.

Flow Cytometry.Flow cytometric measurements of micro-
sphere fluorescence were made on a Becton-Dickenson
FACSCalibur (San Jose, CA). Sample was illuminated at
488 nm (15 mW) and forward angle light scatter (FALS),
90° light scatter (side scatter, SSC), and fluorescence signals
were acquired through a 530 ((30) nm band-pass filter. For
kinetic measurements, time was also acquired from an
internal clock in the data acquisition computer. Linear
amplifiers were used for all measurements. Particles were
gated on forward angle and 90° light scatter, and the mean
fluorescence channel numbers were recorded. Kinetic experi-
ments were started by measuring microsphere-supported
bilayers in TSB buffer for∼8 s to establish a baseline. The
sample tube was removed from the tube holder, CTB or CT
was added at 10 s, the tube was vortexed, and sample was
reintroduced into the instrument. The time between mixing
and data acquisition was typically 10-20 s. The mean
fluorescence channel number as a function of time was
calculated using the IDLYK flow cytometry data analysis
program (created at Los Alamos National Laboratory), and
the amount of bound FITC-CTB or FAM-CT was calculated
as described above. The time value for a given data point
was the midpoint of the time window measured. Cytometric
measurements (fluorescence channel) were calibrated in
terms of mean equivalent soluble fluorescein molecules
(MESF) using commercially available standardized FITC-
labeled microspheres. The MESF per microsphere was
converted to mean number of FITC-CTB or FAM-CT
molecules per microsphere using the relative quantum yield
of the fluorescent ligand relative to free fluorescein and the
ratio of fluorophores per protein. The concentration of total
toxin bound was calculated from the number of ligand mol-
ecules per microsphere and the microsphere concentration.

Data Analysis.Parameter estimates were obtained using
a subroutine, DNLSI, from the Common Los Alamos
Software Library, which is based on a finite-difference,
Levenberg-Marquardt algorithm for solving nonlinear least-
squares problems. Estimates of the standard deviations of
the parameters were obtained by using a bootstrap method

FIGURE 1: Model of the interactions of CTB with mobile GM1-
receptor confined to a spherical surface and competition of soluble
GM1-pentasaccharide with surface-bound GM1. (A) The binding
of the pentavalent CTB to a microsphere on which mobile receptors
diffuse involves: (1) the transport of CT to the microsphere surface;
(2) the binding of one of the five identical binding sites of the
B-subunit of CTB to the carbohydrate moiety of a GM1-receptor;
and (3) the binding of free sites on CTB to additional receptors to
form a CTB-receptor aggregate. This will lead to a distribution
of bound complexes on the surface (B1 throughB5). When receptors
are confined to a surface, the transport of the ligand to the surface
can influence the binding kinetics. In our binding experiments,
transport of CTB to a surface of a microsphere is by diffusion. In
analyzing data, we assume thatk+2 ) k+3 ) k+4 ) k+5 andk-1 )
k-2 ) k-3 ) k-4 ) k-5. (B) In the presence of GM1-pentasaccharide,
there are 10 additional surface states and 5 additional states in
solution (not shown).
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(13). To obtain the estimates, each experiment was simulated
150 times.

Modeling. (A) Modeling the Interaction of CTB with
Mobile GM1-Receptors on a Spherical Surface. The binding
of the pentavalent CTB to a microsphere on which mobile
receptors diffuse involves the following: (1) the transport
of CT to the microsphere surface; (2) the binding of one of
the five identical binding sites of the B-subunit of CTB to
the carbohydrate moiety of a GM1-receptor; and (3) the
binding of free sites on CTB to additional receptors to form
a CTB-receptor aggregate. In general, this will lead to a
distribution of bound complexes on the microsphere surface
(B1 throughB5).

When receptors are confined to a surface, the transport of
the ligand to the surface can influence the binding kinetics.
In our binding experiments, transport of CTB to a surface
of a microsphere is by diffusion. We callD the diffusion
coefficient of CTB in solution andk+1 and k-1 the funda-
mental forward and reverse rate constants, respectively, for
the binding of a single binding domain of the B-subunit of
CT to its receptor GM1. k+1 and k-1 would be the single
rate constants that would be determined in a binding
experiment if the receptors were well mixed rather than
confined to a surface. For a ligand diffusing to a microsphere
which is large compared to the size of the ligand, the
diffusion-limited forward rate constant equals 4πDa, where
a is the radius of the microsphere (14). One way to treat the
transport step in the binding kinetics is to replace the true
rate constants by the effective rate coefficients (15, 16). For
a pentavalent ligand binding to receptors on a microsphere
of radiusa, the effective forward and reverse rate coefficients,
kf andkr, are

whereR is the free surface receptor concentration in receptors
per microsphere. (Note that in eq 1 ifR is given in receptors/
microsphere, thenk+1 is in cm3/s, D in cm2/s, anda in cm.)

In Figure 1,k+2 throughk+5 are forward rate constants
for aggregation. These rate constants involve reactions where
both reactants are on a surface so that they have units of
inverse surface concentration per second, e.g., cm2 s-1. When
we fit kinetic data, we takek+2 ) k+3 ) k+4 ) k+5. It may
be for steric, or other, reasons that the more sites that are
bound on a CTB, the more difficult it is to bind additional
receptors. This has been seen for a highly multivalent ligand
binding to IgE on a cell (17, 18). For the types of experiments
we analyze, we cannot determine if the forward rate constants
for aggregation differ.k-2 through k-5 are reverse rate
constants for the opening of a bond an a CTB-receptor
complex where 2 through 5 receptors are bound. In analyzing
data, we assume thatk-1 ) k-2 ) k-3 ) k-4 ) k-5. It could
be that when more receptors are bound to a single CTB,
there is more strain on each bond in the complex so thatk-1

< k-2 < ... < k-5. Dissociation experiments at different ratios

of CTB to GM1 that will be presented suggest that if this
occurs the differences in the dissociation rate constants are
not large. There is evidence from solution binding studies
that the binding of CTB to GM1 may be cooperative with
the binding of a GM1 to a CTB subunit having a higher
affinity when its neighboring subunit is bound (4). We have
chosen not to add an additional parameter to our model in
order to include cooperativity. The set of equations (eqs)
that describes the binding kinetics, i.e., how the concentra-
tions of the CTB-receptor aggregates change in time, are

The above eqs 1 and 2, plus the conservation laws for the
total receptor concentration,RT, and total ligand concentra-
tion, CT, and eqs 3 and 4, make up the complete set of
equations that are used to analyze the kinetic binding
experiments. We use the conservation laws to eliminateC
andR in eq 2 and then numerically solve these equations.
The conservation equations are:

where, if the CTB concentration is measured in nanomolar,
the concentrations of theBi in bound complexes per
microsphere, and the concentrations of microspheres,p, in
microspheres/mL, thenfactor) p/(6.02× 1011). To calculate
the fraction of bound CTB as in Figure 2A-C, we calculate
B/RT ) (B1 + B2 + B3 + B4 + B5)/RT, by solving numerically
eqs 2-4. Although one could obtain the equilibrium equa-
tions from eq 2 by setting the derivatives equal to zero, it is
easier to write down these equations from Figure 1 using
equilibrium thermodynamics. In terms of the equilibrium
binding constantK1 ) k+1/k-1 and the equilibrium aggrega-
tion constantK2 ) k+2/k-2, we have thatB1 ) 5K1CR, B2 )
(4/2)K2RB1, B3 ) (3/3)K2RB2, B4 ) (2/4)K2RB3, andB5 )
(1/5)K2RB4. We analyze equilibrium binding experiments
(Figure 2A) whereB, the total concentration of bound CTB,
is determined, so we wish to calculate this quantity. If we
let X ) K2R, then

The conservation laws can be rewritten in the following form:

(Recall thatfactor is defined after eq 4.) Using eq 7 to
eliminateC in eq 6, we obtain

dB1/dt ) 5kfCR- krB1 - 4k+2B1R + 2k-2B2

dB2/dt ) 4k+2B1R - 2k-2B2 - 3k+3B2R + 3k-3B3

dB3/dt ) 3k+3B2R - 3k-3B3 - 2k+4B3R + 4k-4B4

dB4/dt ) 2k+4B3R - 4k-4B4 - k+5B4R + 5k-5B5

dB5/dt ) k+5B4R - 5k-5B5 (2)

RT ) R + B1 + 2B2 + 3B3 + 4B4 + 5B5 (3)

CT ) C + (factor)(B1 + B2 + B3 + B4 + B5) (4)

B ) K1CR(5 + 10X + 10X2 + 5X3 + X4) (5)

RT ) R + K1CR(5 + 20X + 30X2 + 20X3 + 5X4) (6)

CT ) C + (factor)K1CR(5 + 10X + 10X2 + 5X3 + X4) (7)

RT ) R+
K1CTR(5+ 20X+ 30X2+ 20X3+ 5X4)

1+ (factor)K1R(5+ 10X+ 10X2+ 5X3+ X4)
(8)

kf )
k+1

1 +
5k+1R

4πDa

kr )
k-1

1 +
5k+1R

4πDa

(1)
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SinceX ) K2R, eq 8 is an equation with one unknown,R,
that we can solve numerically. Once we knowR, we
determineC from eq 7, and then, knowingR and C, we
calculateB, the experimentally measured quantity. This is
how we calculateB when we fit our equilibrium binding
data in Figure 2A.

(B) Modeling the Competition of Soluble Receptors (GM1-
Pentasaccharide) with GM1-Receptors on a Spherical Sur-
face.This describes the analysis of the inhibition experiments
(Figure 2B) where a soluble receptor, GM1-pentasaccharide,
is used to compete with receptors, GM1, on microspheres
for CTB binding sites. We will use the notation thatBij is
the concentration of bound CTB on the surface withi surface
receptors bound andj soluble receptors bound. The 15
possible states of surface-bound CTB are shown in Figure
1B. Not shown are the five states of CTB in solution, CTB
with no sites bound, CTB with one site bound to soluble
receptor, CTB with two sites bound to soluble receptor, etc.
We call the equilibrium constant for the binding of a GM1-
pentasaccharide to a single site on CTBKs. If the binding to
CTB is the same for a surface GM1 and a GM1-pentasac-
charide, thenKs ) K1; however, we found this not to be the
case. One can show that in the presence of soluble receptor
the form of eq 8 is unchanged butK1 andK2 are replaced
by Kh 1 ) K1/(1 + KsS)andKh 2 ) K2/(1 + KsS)whereS is the
concentration of free soluble receptor. For the inhibition
experiments we analyze, there is negligible depletion of
soluble receptor, so we takeS ) ST, the total GM1-
pentasaccharide concentration. Equations 6 and 7 become

where Xh ) Kh 2R. Now we can proceed as in part (A) to
calculate the bound concentration.

RESULTS

QuantitatiVe Measurement of Equilibrium Binding of CTB
to Its Ganglioside Receptor GM1 by Flow Cytometry.Binding
of fluorescently labeled cholera toxin B subunit (FITC-CTB)
to ganglioside GM1 present in bilayer membranes supported
on glass microspheres was measured quantitatively using
flow cytometry. Flow cytometry allows the sensitive and
quantitative measurement of interactions, and its inherent
discrimination of free and bound fluorescence allows one to
analyze these interactions with continuous kinetics as well
as at equilibrium. Specific equilibrium binding of FITC-CTB
to microsphere-supported bilayers containing 0.5 mol % GM1

shows characteristic saturation and half-maximal binding at
∼5 × 10-9 M (Figure 2A). Because binding between FITC-
CTB and GM1 is multivalent, the concentration at which half-
maximal binding occurs does not represent the equilibrium
dissociation constantKD, an approximation often used for
single-site interactions. Rather, the half-maximal binding
concentration represents a semiquantitative description of
binding avidity resulting from the multivalent interaction of
CT with receptor. At saturation in the binding curve (total
concentration of FITC-CTB is between 2× 10-8 and 4×

10-8 M), only about 2× 10-10 M FITC-CTB is bound to
microspheres (Figure 2A). Since the amount bound to
microspheres is at most only∼1% of the total concentration
of FITC-CTB, we can rule out that depletion of FITC-CTB
is contributing to the plateau in the curve. In buffer

RT ) R+

(1 + K1S)5Kh 1CR(5 + 20Xh + 30Xh2 + 20Xh3 + 5Xh4) (9)

CT ) [(1 + K1S)5] ×
[C+ (factor)Kh 1CR(5+ 10Xh + 10Xh2+ 5Xh3+ Xh4)] (10)

FIGURE 2: Interactions of FITC-CTB with GM1. (A) Equilibrium
binding of (0-40)× 10-9 M FITC-CTB to microsphere-supported
bilayers containing 0.5 mol % GM1 (sample incubation 60 min at
22 °C). Open circles) total binding, closed circles) nonspecific
binding, triangles) specific binding (difference between total and
nonspecific binding). (B) Competitive binding of unlabeled CTB.
Microsphere-supported bilayers containing 0.5 mol % GM1 were
preincubated with (0-40) × 10-9 M unlabeled CTB (30 min, 22
°C) followed by incubation with saturating concentrations of FITC-
CTB (20 × 10-9 M, 30 min, 22°C). (C) Competitive binding of
GM1-pentasaccharide. Preincubation of supported bilayers contain-
ing 0.5 mol % GM1 with (0-1) × 10-3 M GM1-pentasaccharide
salt for 30 min at 22°C followed by 20× 10-9 M FITC-CTB for
30 min at 22°C. Closed and open circles indicate two different
experiments. (A-C) Lines represent fits. Fit for panel A was
obtained by solving eq 8 numerically and then using eqs 5 and 6.
The line in panel B represents fit to the equationy ) ae-bx. Fit for
panel C was obtained by solving eqs 9 and 10 and then using eq 5
with X replaced byXh.
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containing low concentrations of albumin (0.1 mg/mL),
nonspecific binding as determined in the presence of excess
free unlabeled CTB (Figure 2A) or using bilayers containing
no GM1 (data not shown) is low. When microsphere-
supported bilayers were preincubated with varying concen-
trations of unlabeled CTB before they were incubated with
2 × 10-8 M FITC-CTB (a concentration corresponding to
saturation in the binding curve, see Figure 2A), we found
half-maximal binding of CTB at a similar concentration
(Figure 2B). This indicates that the effect of the fluorophore
on toxin binding is negligible. The requirement for labeling
of CTB might seem to present a disadvantage compared to
label-free methods, such as SPR, but the label has no effect
on binding of CTB to GM1 and enables us to detect binding
of FITC-CTB at much lower receptor densities (0.01 mol
%, ∼5000 FITC-CTB molecules/microsphere) than possible
by SPR.

Single-Site Interaction of a CTB Binding Domain with a
GM1-Receptor.A realistic model requires consideration of
the monovalent interaction of a single FITC-CTB binding
site with one GM1-receptor. Competition of soluble GM1-
pentasaccharide salt with FITC-CTB revealed half-maximal
inhibition to be∼2 × 10-6 M (Figure 2C), providing an
estimate for the apparent affinity of the monovalent GM1-
CTB interaction. This is∼400-fold weaker than the apparent
avidity observed for the pentameric interaction (half-maximal
binding at∼5 × 10-9 M, Figure 2A), which reflects the
contributions of both monovalent binding and cross-linking.
Similar large avidity effects have been predicted and
observed for bivalent IgG and pentavalent IgM with the intact
antibodies having apparent affinities 101-103-fold larger than
their Fab fragments (19-21). When this inhibition curve
(Figure 2C) and the equilibrium binding curve (Figure 2A)
were simultaneously fit, we obtained the following equilib-
rium constants: (a) equilibrium binding constant for GM1

and a single subunit of FITC-CTB,K1 ) (8.0 ( 2.9)× 107

M-1; (b) equilibrium binding constant for the soluble GM1-
pentasaccharide to a site on FITC-CTB,Ks ) (3.7( 1.3)×
106 M-1; and (c) a maximal value for the cross-linking
constant,K2 ) 2.4× 10-13 cm2. Surprisingly, we found that
the equilibrium binding constant for FITC-CTB binding
monovalently to GM1 is ∼20-fold higher compared to the
one for monovalent binding to soluble GM1-pentasaccharide.
A good fit could not be obtained whenK1 ) Ks (see modeling
of competition of soluble receptors with GM1-receptors on
a spherical surface). The difference betweenK1 and Ks is
probably due to a preferred presentation of the polysaccharide
receptor by membrane-bound GM1 compared to free receptor
in solution.

Dissociation Kinetics of FITC-CTB from GM1-Bearing
Supported Bilayers.Because of its intrinsic discrimination
between free and particle-associated (bound) fluorescence,
flow cytometry is able to make sensitive and quantitative
measurements of molecular interactions with continuous
kinetic resolution. Since the stability of an interaction is most
directly revealed in its dissociation kinetics, we initiated
dissociation of bound FITC-CTB by the addition of excess
CTB. Because the dissociation kinetics are expected to
depend on the valency of CTB-GM1 binding, we prepared
samples with a constant concentration of GM1 and different
concentrations of FITC-CTB (0.1× 10-9, 0.5× 10-9, 1 ×
10-9, and 20× 10-9 M). At a low initial concentration of

FITC-CTB, GM1-receptors are in excess, and we expect the
pentavalent toxin to bind with maximal valency. As the
concentration of FITC-CTB increases, we expect the average
number of GM1 bound per FITC-CTB to decrease, as CTB
competes for receptor.

Presented in Figure 3A and Figure 3B are the dissociation
kinetics for FITC-CTB at an initial concentration of 20×
10-9 and 0.5× 10-9 M, respectively, from supported bilayers
(0.5 mol % GM1). At a high initial concentration of 20×
10-9 M FITC-CTB (Figure 3A), we could fit the dissociation
curve with a single exponential and determined a dissociation
rate constantk-1 of (3.21( 0.03)× 10-3 s-1. This parameter
value is independent of the details of the model for CTB
binding. To obtain an accurate value fork-1 requires only
that the FITC-CTB/GM1 ratio is sufficiently high, that CTB
is bound to only one GM1 at the start of the experiment,
and that the concentration of unlabeled CTB added to initiate
dissociation is high enough to block rebinding. At a constant

FIGURE 3: Dissociation kinetics of FITC-CTB from GM1-containing
supported bilayers. Supported bilayers containing 0.5 mol % GM1
were incubated with 20× 10-9 M (A) or 0.5 × 10-9 M (B) FITC-
CTB for 30 min at 22°C, followed by addition of 1× 10-6 M
CTB and measurement of dissociation of CTB by flow cytometry.
The insets of (A) and (B) show the variance (Var) of these fits at
an intial low [20 × 10-9 M FITC-CTB, (A)] and high ligand
concentration [0.5× 10-9 M FITC-CTB, (B)]. A minimum in the
variance indicates the most prevalent number of GM1 bound per
FITC-CTB. The dissociation curves are fit with the expressionB
) 1 - (1 - e-k1t)N. This formula predicts the fraction of CTB that
remains bound at timet if at the start of the experiment all the
CTB are in the same state withN sites bound, and if a GM1 that
dissociates from a CTB binding site immediately binds to a site on
an unlabeled CTB (32). Shown in (A) is the fit forN ) 1 and in
(B) the fit for N ) 3. Each dissociation curve was fit forN ) 1
throughN ) 5.

1746 Biochemistry, Vol. 41, No. 6, 2002 Lauer et al.



receptor density, the shape of the dissociation curve exhibited
a marked dependence on the initial concentration of FITC-
CTB (for 20 × 10-9 and 0.5× 10-9 M, see Figure 3A,B;
for 1 × 10-9 and 0.1× 10-9 M, data not shown). The
occurrence of an initial lag phase in the dissociation kinetics
becomes more and more extended as the initial concentration
of FITC-CTB is lowered. This lag reflects the time needed
to open up increasing numbers of bonds between FITC-CTB
and GM1-receptors before dissociation can occur. At low
initial concentrations of FITC-CTB, receptors are in excess,
and the average number of GM1 bound per toxin will be
maximal. At sufficiently high concentrations of FITC-CTB,
where toxin molecules must compete for receptors, the lag
phase disappears, dissociation becomes single-exponential,
and only a single GM1 is bound per CTB (inset, Figure 3A).
Our results at an initial concentration of 0.5× 10-9 M FITC-
CTB indicate that the dominant binding state is 3 GM1 per
toxin, but coexists with those of 1, 2, 4, and 5 receptors (inset
Figure 3B). In Figure 3B, the best fit is obtained fork-1 )
(1.7( 0.09)× 10-3 s-1, which is approximately a factor of
2 smaller than the value fork-1 in Figure 3A. A single CTB-
GM1 bond appears to open more slowly when additional
bonds are present, and this is consistent with cooperative
binding (4).

Kinetics of Association of CTB with GM1 in Supported
Bilayers.To obtain the forward rate constant, we simulta-
neously fit 16 curves for association of FITC-CTB at 4

different concentrations (2.5× 10-9, 5 × 10-9, 10 × 10-9,
or 20 × 10-9 M) to supported bilayers containing GM1 at
four different concentrations (0.01, 0.05, 0.1, and 0.5 mol
%; Figure 4A-D) and two additional curves for nonspecific
binding to surfaces containing no GM1 (data not shown).
We determined (a) an association rate constantk+1 of (3.4
( 0.6)× 104 M-1 s-1, (b) a dissociation rate constantk-1 of
(1.9( 0.6)× 10-3 s-1, a value similar to the one determined
directly from the dissociation kinetics [(3.21( 0.03)× 10-3

s-1], and (c) a cross-linking constantK2 of (9.3 ( 3.3) ×
10-13 cm2, which is slightly higher than the maximumK2

determined from simultaneously fitting the curves for equi-
librium binding and inhibition with soluble GM1-pentasac-
charide (2.4× 10-13 cm2). If in the simultaneous fit we fix
k-1 to 3.21× 10-3 s-1, the value determined directly from
the dissociation kinetics, we obtain the following values for
k+1 ) (2.8 ( 0.4) × 104 M-1 s-1 andK2 ) (1.1 ( 0.1) ×
10-12 cm2. In our model, we assume thatk-2 ) k-1, allowing
us to derive the cross-linking rate constant:k+2 ) K2k-1 )
3.53 × 10-15 cm2 s-1. This value corresponds to a singly
bound CTB cross-linking a second GM1 where the two bound
GM1 are not nearest neighbors. When the cross-linking is to
a nearest neighbor,k+2 will be larger by a factor of 2-4
because of cooperativity; i.e., for nearest neighbors,k-1 >
k-2 (4).

Interaction of CT with GM1 Is of Higher AVidity than That
of the B-Subunit Alone.We also examined the interaction

FIGURE 4: Kinetics of binding of FITC-CTB to GM1-containing supported bilayers. Supported bilayers containing 0.01 (A), 0.05 (B), 0.1
(C), or 0.5 (D) mol % GM1 were incubated with 2.5× 10-9 (first plot from bottom), 5× 10-9 (second plot from bottom), 10× 10-9 (third
plot from bottom), or 20× 10-9 M (fourth plot from bottom) FITC-CTB, and binding of FITC-CTB was monitored over time. Lines
represent the fits of these curves by solving eqs 1-4 numerically. All curves and two additional binding curves for nonspecific binding
were fitted simultaneously. The simultaneous fitting reduces the maximal overlap between an individual curve and its fit.
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of whole cholera toxin (CT) A- and B-subunits) with GM1-
bearing supported bilayers. Representative specific equilib-
rium binding of FAM-CT to supported bilayers containing
0.5 mol % GM1 is shown in Figure 5A. As for FITC-CTB,
the nonspecific binding of FAM-CT in the presence of excess
unlabeled cholera toxin or to bilayers without GM1 is low
(data not shown). At saturation, the concentration of specif-
ically bound FAM-CT on a microsphere was∼2 × 10-10

M and similar to that of FITC-CTB (∼2 × 10-10 M, Figure
2A). Half-maximal binding was found to occur at∼5 ×
10-11 M (Figure 5A), a concentration∼100-fold lower than
the one observed for FITC-CTB (Figure 2A). Competition
of FAM-CT with CT is shown in Figure 5B and resulted in
half-maximal inhibition at∼5 × 10-11 M. Taken together,
this indicates that binding between the whole toxin and GM1

is of ∼100-fold higher avidity than binding between the
B-subunit and GM1.

Half-maximal inhibition of the monovalent interaction of
one GM1 with one B-subunit of CT was observed at∼1 ×
10-3 M GM1-pentasaccharide (Figure 5C), a concentration
∼500-fold higher than required for inhibition of FITC-CTB
(∼2 × 10-16 M, Figure 2C). This suggests that the stronger
binding of the whole toxin compared to the B-subunit alone
is due to an increase inK1, the affinity of a B-subunit binding
site for GM1.

The significantly lower concentration of FAM-CT required
to reach half-maximal binding compared to the B-subunit
alone suggests that dissociation of the whole toxin occurs at
a slower rate than that of the B-subunit. At the same initial

concentration (20× 10-9 M FAM-CT or FITC-CTB), we
determined that the half-time for dissociation from 0.5 mol
% GM1 in supported bilayers is.1000 s for the whole toxin
(Figure 5D) and∼400 s for the B-subunit (Figure 3A). In
contrast to FITC-CTB, dissociation of FAM-CT does not
appear to depend on the initial concentration of FAM-CT
between 0.1× 10-9 and 20× 10-9 M (shape of curve and
half-time did not change, data not shown). Also, the half-
time did not change when dissociation was induced from
supported bilayers containing 0.05, 0.1, or 0.5 mol % GM1

(data not shown), indicating insensitivity to receptor con-
centration over this range. The almost complete lack of
dissociation at various receptor/ligand ratios indicates that
the whole toxin binds significantly tighter than the B-subunit.

Interaction of CTB and CT with Gangliosides Other than
GM1. Over the concentration range tested [(0-50) × 10-9

M], FITC-CTB and FAM-CT did not show detectable
binding to supported bilayers containing any other glyco-
sphingolipid (GM2, GM3, GD1a, GD1b, GT1b, asialo-GM1,
GL4 globoside, lactosyl ceramide) at 0.5 mol % (data not
shown). Because of the importance of receptor concentration
for multivalent binding, we repeated our measurements with
supported bilayers containing 5 mol % of these glycosphingo-
lipids. We observed low but specific binding of FITC-CTB
and FAM-CT only to GD1b and asialo-GM1 (data not
shown). Figure 6A shows representative specific equilibrium
binding of FITC-CTB to supported bilayers containing 5 mol
% GD1b or asialo-GM1. At this receptor surface density,
binding of FITC-CTB to GD1b-bearing surfaces was found

FIGURE 5: Interactions of FAM-CT with GM1. (A) Specific equilibrium binding of (0-5) × 10-9 M FAM-CT to supported bilayers
containing 0.5 mol % GM1 (sample incubation 60 min at 22°C). Line represents fit to the equationy ) a(1 - e-bx) to obtain a value for
half-maximal binding. (B) Competitive binding of unlabeled CT. Microsphere-supported bilayers containing 0.5 mol % GM1 were preincubated
with (0-5) × 10-9 M unlabeled CT (30 min, 22°C) followed by incubation with saturating concentrations of FAM-CT (5× 10-9 M, 30
min, 22 °C). The line represents fit to the equationy ) aeb/x+c. (C) Competition of GM1 with GM1-pentasaccharide. Preincubation of
supported bilayers containing 0.5 mol % GM1 with 0-0.01 M of GM1-pentasaccharide for 30 min at 22°C followed by 5× 10-9 M
FAM-CT for 30 min at 22°C. (D) Dissociation kinetics of FAM-CT. Incubation of supported bilayers containing 0.5 mol % GM1 with 20
× 10-9 M FAM-CT for 5 min at 22°C, followed by addition of 1× 10-6 M CT and measurement of dissociation of CT by flow cytometry.
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to be somewhat stronger (i.e., the total levels of binding were
∼2-fold higher, and the binding curve was steeper in the
low concentration range; Figure 6A) compared with binding
to surfaces bearing asialo-GM1. At saturation, specific
binding of FITC-CTB to microspheres containing 5 mol %
GD1b or asialo-GM1 was∼4- and 8-fold lower (Figure 6A)
compared to microspheres bearing 0.5 mol % GM1 (∼2 ×
10-10 M, Figure 2A). Specific equilibrium binding of FAM-
CT to supported bilayers containing 5 mol % GD1b or asialo-
GM1 is shown in Figure 6B. While we observe the same
order of binding strength as for FITC-CTB (GM1. GD1b

> asialo-GM1), we find that saturation occurs at lower

concentrations. Half-maximal binding of FAM-CT to GD1b

occurs at∼1 × 10-10 M and to asialo-GM1 at ∼1 × 10-9

M (Figure 6B) compared with half-maximal binding of
FITC-CTB at ∼4 × 10-9 and 9 × 10-9 M, respectively
(Figure 6A). Thus, the stronger binding of the whole toxin
compared to the pentameric B-subunit does not appear to
be receptor-dependent.

The high receptor concentrations required to support
binding of FITC-CTB or FAM-CT to GD1b and asialo-GM1

indicate that the avidity of the B-subunit or the whole toxin
for these two gangliosides is considerably lower than
theavidity for GM1. This suggests that the stability of the
toxin-receptor interaction is much lower for bilayers
containing GD1b or asialo-GM1 compared to those containing
GM1 that is expected to manifest in a decreased half-time
for dissociation and an increasedk-1. As predicted, FITC-
CTB dissociates much faster from supported bilayers con-
taining 5 mol % GD1b or asialo-GM1 (t1/2 <200 s, Figure
6B) than from bilayers containing 0.5 mol % GM1 (t1/2 ∼400
s, Figure 3A). Consistent with our binding data, we also find
that FITC-CTB dissociates somewhat slower from supported
bilayers containing GD1b (t1/2 ∼ 120 s, Figure 6C) compared
to those containing asialo-GM1 (t1/2 ∼100 s, Figure 6C).

DISCUSSION

DeVelopment of a Multistep Model for Recognition of GM1

by Cholera Toxin.Our main goal was to understand the
mechanism of the multivalent interaction of CT with its
ganglioside receptor GM1 in detail. Previous kinetic studies
describing the interaction of CT with GM1 relied on simple
single-site binding models that ignore receptor cross-linking,
and therefore do not address the multistep feature of CT
binding (5-8). We have developed a multistep model (Figure
1) that takes into account receptor cross-linking. The first
step in the model is the diffusion-limited transport of the
pentameric CTB to the surface of a microsphere. At the
surface of the microsphere, pentameric CTB initially binds
with an effective forward rate constantkf to the carbohydrate
moiety of one GM1 molecule in the membrane. Upon this
initial single-site binding step, the CTB can either dissociate
from this GM1 with an effective reverse rate constantkr

(corrected for surface density ofR) or bind to a second GM1
molecule with a cross-linking rate constantk+2. This cross-
linking step depends on the concentration of GM1 in the
membrane and its rate of lateral diffusion. It can be repeated
up to 4 times. At low concentrations of FITC-CTB, if the
GM1 concentration is sufficiently high and the equilibrium
cross-linking constant sufficiently large, all five binding sites
on CTB will be occupied by GM1-receptors, resulting in a
pentavalent, high-avidity, binding of CTB to the membrane.
In our model, we have takenk+2 ) k+3 ) k+4 ) k+5 andk-1

) k-2 ) k-3 ) k-4 ) k-5 (22). A much more elaborate study
would be required to determine if all the forward and all the
reverse rate constants are equal. Making these assumptions
and then using the model to fit the data and determine
average values for the parameters is a first step in quantifying
the aggregation process.

Equilibrium solution binding studies have suggested GM1

binds cooperatively to CTB with a modest increase (a factor
of 4) in the affinity for GM1 for a CTB subunit when the
bonds are adjacent (4). We did not include cooperativity in

FIGURE 6: Interactions of FITC-CTB and FAM-CT with GD1b and
asialo-GM1. (A) Specific equilibrium binding of (0-40) × 10-9

M FITC-CTB to supported bilayers containing 5 mol % GD1b (open
circles) or 5 mol % asialo-GM1 (closed circles). Sample incubation
60 min at 22°C. Lines represent fits to the equationy ) x/a + bx.
(B) Specific equilibrium binding of (0-10) × 10-9 M FAM-CT
to supported bilayers containing 5 mol % GD1b (open circles) or 5
mol % asialo-GM1 (closed circles). Sample incubation 60 min at
22 °C. Lines represent fits to the equationy ) a(1 - e-bx). (C)
Dissociation kinetics from supported bilayers containing 5 mol %
GD1b (open circles) or asialo-GM1 (closed circles). Supported
bilayers containing GD1b or asialo-GM1 were incubated with 20
× 10-9 M FITC-CTB for 30 min at 22°C, followed by addition of
1 × 10-6 M CTB and measurement of dissociation of CTB by
flow cytometry.
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the model, but our dissociation studies (Figure 3A,B) are
consistent with such cooperative binding. We expect that
cooperstivity would result in small differences in the forward
rate constant as well.

Receptor Cross-Linking Occurs at a Slow Rate.It appears
that cross-linking is slow (k+2 ) 1.8 × 10-15 cm2 s-1). For
significant receptor aggregation to occur (see Figure 1A),
i.e., for CTB to bind more than one GM1, 4k+2RT > 2k-1 or
equivalently 2K2RT > 1 (17, 23). If the GM1 concentration
is sufficiently high, then at low concentrations of FITC-CTB
a FITC-CTB with one site bound will have a high probability
of binding to a second GM1 before it dissociates. We have
determined thatK2RT ) 1.4( 0.5. Therefore, at low concen-
trations of CTB, we expect more than one GM1 bound per
toxin as was inferred in Figure 3B. The lateral diffusion
coefficient of GM1 incorporated into preformed dimyristoyl-
phosphatidylcholine vesicles above the gel-liquid-crystalline
transition temperature has been determined to be∼5 × 10-9

cm2 s-1 and was found to be independent of the GM1

concentration between 1 and 10 mol % (24). Thus, under
our conditions, the rate of cross-linking is well below the
diffusion limit, which is expected to be∼3.6 × 10-8 cm2

s-1.2 The 3-dimensional forward rate constantk+2 is well
below its diffusion limit, and in two dimensions, there may
be additional steric hindrance that further reducesk+2. Very
few values for rate constants for cross-linking have been
determined. In a well-studied case, the cross-linking by
bivalent ligands of IgE that are complexed with FceRI on
the surface of rat basophilic leukemia (RBL) cells,k+2 is
also well below the diffusion limit (17, 23).

At our GM1 concentration of 0.01-0.5 mol %, we have
∼1 × 105 to 5 × 106 receptors on a microsphere. This
corresponds to∼1.3 × 1011 to 6.4 × 1012 GM1-receptors/
cm2. A RBL cell expresses (3-6) × 105 IgE receptors per
cell (19). Assuming a surface area of 5× 10-6 cm2 for an
RBL cell, this corresponds to an average of∼6 × 1010 IgE
receptors/cm2. Therefore, compared to a protein receptor on
a cell surface, we have a∼100-fold higher concentration of
GM1-receptors on our microspheres. The high concentration
of GM1 is probably physiologically relevant since it is known
that a large fraction of GM1 concentrates in detergent-
resistant lipid microdomains of the plasma membrane.
Indeed, a recent study that used chimeras of subunits of CT
andE. coli heat-labile type II enterotoxin showed that the
function of CT in polarized intestinal epithelial cells critically
depends on binding/clustering specifically GM1 to purposely
sort the GM1-toxin complexes into detergent-resistant lipid
microdomains (25, 26).

Kinetics of Association of FITC-CTB with GM1. An
association rate constant of 6.2× 105 M-1 s-1 has been
reported using SPR and GM1 at 0.04, 0.4, or 0.8 mol % (7,
8). Since we definek+1 as the forward rate constant for a
single site on a B-subunit to interact with GM1, the forward
rate constant for the whole B-subunit would be 5k+1 (∼1.7
× 105 M-1 s-1), which is∼4-fold lower than determined by

SPR (7, 8). In these studies,KD’s of 2.6× 10-10 and 7.3×
10-10 M were derived simply by dividing the kinetic rate
constants for dissociation (1.6× 10-4 s-1 and 4.5× 10-4

s-1) and association (7, 8). These are not true equilibrium
constants, however, and will depend on the receptor densities
used. Indeed, it was observed that the slope of the Scatchard
plot changed with the GM1 concentration (7).

Comparison to Studies Using SPR.The immobilization
of GM1 to the various sensor chip surfaces used in SPR
studies was accomplished by different means. The K sensor
chip used by Kuziemko et al. (6) has a self-assembled alkyl-
thiol layer on its gold surface, and after adding liposomes
containing GM1, a hybrid bilayer is formed. MacKenzie et
al. (7) used a CM5 sensor chip that contains carboxylated
dextran on its surface to which they covalently linked an
anti-LPS antibody. To anchor the GM1, they incubated with
liposomes that contain low amounts of LPS and GM1. It is
not clear whether these liposomes actually have sufficient
lateral mobility required for receptor aggregation. A newly
developed L1 sensor chip was used by Cooper et al. (8).
This sensor chip has a lipophilic dextran on its surface on
which a bilayer is formed after incubation with liposomes
containing GM1. It is expected that the ability of CT to
aggregate GM1 will depend strongly on the way GM1 is
coupled to the sensor surface. To obtain intrinsic forward
and reverse rate constants of the ligand-receptor reaction
from an SPR experiment therefore requires modeling that
accounts for transport processes of diffusion and flow to the
and within the sensor surface (27).

Binding of Whole Toxin Is Stronger than Binding of the
B-Subunit Alone.Our results consistently show that the
interaction of the whole toxin with GM1 is of considerably
higher avidity than that of the B-subunit alone. The pen-
tameric B-subunit is responsible for binding to GM1-receptors
in the apical face of intestinal epithelial cell membrane and
assists the A-subunit in translocating through the membrane
where it then ADP-ribosylates a heterotrimeric G-protein.
No previous study has quantitatively compared the thermo-
dynamics of interaction of the B-subunit with those of the
whole toxin. It has been suggested from the structural data
(28) and accessibility studies with antibodies defining the
orientation of CT with respect to the cell membrane (29,
30) that the A2-subunit may interact with the membrane
surface during binding of the B-subunit to GM1. Our data
on the ∼100-fold increased avidity of the whole toxin
compared to the B-subunit suggest that this indeed the case.
This additional interaction of the A2-subunit with the
membrane could reducek-1 and/or increasek+2, leading to
a stronger binding of the whole toxin compared to CTB.

Interaction of CTB and CT with GD1b and Asialo-GM1

Requires High Receptor Concentrations.Our data on the
interaction of CTB or CT with a battery of glycosphingolipids
(GM1, GM2, GM3, GD1a, GD1b, GT1b, asialo-GM1, GL4
globoside, lactosyl ceramide) at a concentration of 0.5 mol
% revealed that the B-subunit as well as the whole toxin
exclusively bind to GM1. A ∼10-fold higherKD (derived
from the ratio of reverse and forward kinetic rate constants
determined by SPR) for the interaction between CTB with
GD1b compared to the interaction with GM1 was reported
using 0.8 mol % GM1 or GD1b (7). This difference inKD’s
was due to∼10-fold higherk-1 for the weak interaction of
CTB with GD1b (7). However, for a weak interaction, a

2 The diffusion limit of the forward rate constant,k+2, calculated
under the assumption that both the unbound GM1 and the toxin-GM1

cluster diffuse in the bilayer with the same two-dimensional diffusion
coefficient,D, has the form:k+2 ) -8πD/[ln (4A) + 0.46], whereA
is the fraction of the surface area occupied by GM1 (1). This result
was obtained by assuming thatA is small. ForD ) 5 × 10-9 cm2 s-1

andA ) 0.005,k+2 ) 3.64× 10-8 cm2 s-1.
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higher receptor surface density is required for efficient cross-
linking to occur before CTB dissociates. Because of the
importance of the receptor concentration, we also examined
the interaction of CTB and CT with these glycosphingolipids
at a receptor density of 5 mol % and found that CTB and
CT bind in the same relative order to GM1 . GD1b > asialo-
GM1. Kuziemko et al. measured the binding of CT to a
battery of gangliosides by SPR, and they report that 5 mol
% was the lowest concentration of ganglioside that gave
analyzable kinetic data (6). They determined the following
order of binding affinities for CT: GM1 > GM2 > GD1a >
GM3 > GT1b > GD1b > asialo-GM1, and nonspecific
binding occurring to globoside and lactosyl ceramide only.
At this high receptor concentration, they derive aKD of 4.6
× 10-12 M-1 for GM1 simply from the ratio of reverse and
forward rate constants (6). We determined an apparent avidity
of ∼5 × 10-10 M-1 for FAM-CT to surfaces containing 0.5
mol % GM1, a value similar to the one reported using
radiolabeled CT and whole cells (2).

From the crystal structure, it was determined that the
terminal galactose contributes 39% to the binding to CT
while the adjacentN-acetylgalactosamine (galNAc) possesses
only 17% of all contacts (31). Of the gangliosides tested,
only GM1, GD1b, and asialo-GM1 contain a terminal
galactose as well as an adjacent galNAc residue, suggesting
that this two-sugar finger is sufficient for recognition. The
terminal sialic acid in GM1, known as the thumb of the “two-
finger-thumb grip”, together with the terminal galactose are
the major interaction sites between the receptor and CT. The
sialic acid “thumb” is either extended by an additional sialic
acid residue in GD1b or shortened by the removal of this
residue in asialo-GM1, suggesting that the proper length of
the sialic acid thumb is required to stabilize the CT-
ganglioside interaction.

CONCLUSION

In sum, the present study proposes a mechanistic descrip-
tion of the multivalent interaction of CTB with GM1 that is
based on quantification of kinetic rate constants and affinities.
Our data reveal the importance of receptor density and
mobility for receptor cross-linking in multivalent ligand-
receptor interactions. We also report for the first time that
the presence of the A-subunit results in binding to GM1-
containing supported bilayers that has significant higher
affinity than the pentameric membrane-binding B-subunit
alone. We find that CTB and CT bind with high avidity to
GM1 and that the low-affinity interactions with GD1b and
asialo-GM1 require high concentrations of these receptors
for observation. Compared to binding of CTB, we also find
a stronger interaction of the whole toxin with GD1b and
asialo-GM1 that consistently suggests a role for the A-subunit
in the binding step. This study also demonstrates that flow
cytometry provides a powerful quantitative tool for the in
vitro analysis of interactions of membrane-associated mol-
ecules (by reconstructing the cell surface onto microspheres)
that allows receptor-ligand and multivalency effects to be
investigated.
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