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ABSTRACT  We have studied the kinetics of N‘-fluorescein isothiocyanate-lysine-23 cobra a-toxin (FITC-toxin)
binding to the membrane-associated acetylcholine receptor from the Torpedo californica electric organ. The
fluorescent toxin not only enabled us to monitor the binding reaction continuously but also to examine simultaneously
the enhancement of ligand fluorescence and the increase in steady state polarization of fluorescence associated with
binding of the a-toxin. Over the range of concentrations employed, both parameters yielded identical kinetic constants,
suggesting that the enhancement of fluorescence of fluorescein and its immobilization are occurring in the same time
frame. Both an initial rate analysis and the integrated rate expression showed association to be a simple, reversible
bimolecular process. The apparent second-order association rate constant derived from the integrated rate analysis was
constant within a factor of 2 over a 40-fold concentration range (6.7 = 1.7 x 10> M~'s™"). The unimolecular

S o1

dissociation rate constant was found tobe 3.3 + 0.5 x 10™°s

INTRODUCTION

Since the purification in the early 1960’s (Chang and Lee,
1963) and the subsequent radiolabeling of elapid a-toxins
(Changeux et al.,, 1970), these peptides have played a
crucial role in the identification, isolation, and characteri-
zation of nicotinic acetylcholine receptors (AChR). Spin-
and fluorescent-labeled o-toxins have been prepared
recently that have significantly broadened the potential
utility of a-toxins for the study of the AChR (Ellena and
McNamee, 1980; Tsetlin et al., 1979; Lo et al., 1980; Kang
and Maelicke, 1980; Ivanov et al., 1980; Johnson and
Taylor, 1982). Not only do spin- and fluorescent-labeled
a-toxins offer means to monitor continuously and nonde-
structively the a-toxin-AChR complex, they also permit
examination of the structure and the dynamic behavior of
this complex as well as the interrelationship between
binding sites on the receptor.

We recently reported the preparation of a site-specific
fluorescein-labeled a-cobra toxin (N*-fluorescein isothio-
cyanate-lysine-23 cobra a-toxin [FITC-toxin]) (Johnson
and Taylor, 1982). The label-site specificity and the
sensitivity of quantum yield of fluorescein to its immediate
environment make this conjugate a particularly useful tool
to study the a-toxin-AChR interaction by continuous
monitoring. Here, we investigate the kinetics of its interac-
tion with the membrane-associated AChR from the elec-
tric organ of the Torpedo californica using both fluores-
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cence intensity and steady state polarization to monitor the
reaction.

EXPERIMENTAL PROCEDURES

Materials

Cobra a-toxin (siamensis 3) was isolated following the method of Karls-
son et al. (1971) from the venom of Naja naja siamensis. Venom was
obtained lyophilized from Miami Serpentarium (Miami, FL). Amino
acid analysis of purified cobra a-toxin was consistent with the published
amino acid sequence of the siamensis 3 a-toxin (Karlsson et al., 1972).
FITC-toxin was initially prepared as described elsewhere (Johnson and
Taylor,1982). The FITC-toxin was purified further by column isoelectric
focusing as described previously (Weiland et al., 1976; Johnson and
Taylor, 1982). Analytical isoelectric focusing of this material indicated
>98% homogeneity based on fluorescence. Na'?l was purchased from
New England Nuclear (Boston, MA). Monoiodo a-toxin was prepared
and separated from noniodinated and diiodo species by column isoelectric
focusing (Weiland et al., 1976). All other reagents were at least reagent
grade.

Receptor-rich membrane fragments were isolated from T. californica
electric organs following published procedures (Reed et al., 1975; Johnson
and Taylor,1982). The specific binding activities of membrane prepara-
tions measured by binding of the complex to DEAE-cellulose filters
(Schmidt and Raftery, 1973) ranged from 1.1 to 2.2 nmol of a-toxin
binding sites/mg protein.

Fluorescence Measurements

All binding experiments were performed in 100 mM NaCl and 10 mM
NaPQO, buffer at pH 7.4. Steady-state fluorescence measurements were
performed with a T-format spectrofluorometer (Messanlagen, Géttingen,
Federal Republic of Germany) interfaced to a Tektronix 4052 microcom-
puter (Tektronix, Inc., Beaverton, OR) with a real-time clock and a
TransEra analog-to-digital converter (Provo, UT). A Schoeffel gradient
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monochrometer(Schoeffel Instruments Div., Kratos Inc., Westwood, NJ)
set at 487 nm with 3-nm slits, a Farrand 480-nm interference filter
(Farrand Optical Co., Valhalla, NY) and Glan-Thompson polarizer
(Messanlagen) were placed in the path of a 150-W Xenon excitation
source (Schoeffel Instruments Div., Kratos Inc., Westwood, NJ). Emis-
sion was monitored through two cut-off filters (models 3-70 and 3-69;
Corning Medical and Scientific, Corning Glass Works, Corning, NY)
and Polaroid polarizing filters (Polariod Corp., Cambridge, MA) placed
back-to-back on each side of the “T” between the sample cell and
Hamamatsu R928 photomultiplier tubes (Hamamatsu Corp., Middlesex,
NJ). One of the emission polarizers was normally oriented parallel and
one perpendicular to the plane of the vertically polarized excitation beam.
Direct scattering artifacts were controlled by subtracting the measured
photomultiplier currents in the absence of fluorophore from those mea-
sured in the presence of fluorophore. Total fluorescence (/) and fluores-
cence polarization (P) were calculated from the following equations: I =
+2xGxI andP=(y-Gx1)/ 4+ Gx1,),whereljand i,
represent the scatter-corrected outputs from the photomultiplier tubes
with parallel and perpendicularly oriented emission polarizers. G corrects
for instrumental differences between the two emission detection systems
and represents the ratio of the scatter-corrected outputs from the
photomultiplier tubes (/||/,) when both emission polarizers were oriented
kerpendicular to the plane of the vertically polarized excitation beam.
Samples were stirred mechanically with an overhead stirrer and the
temperature controlled in a thermostated compartment at 20°C. The
above fluorometric system allowed the simultaneous measurement of
changes in total fluorescence and polarization following mixing of FITC-
toxin with AChR.

Initial Rate Analysis

If the rate of formation of the AChR-FITC-toxin complex is dependent
upon the concentration of AChR toxin sites (AChR) and the concentra-
tion of FITC-toxin, the generalized rate expression for the formation of
the complex can be written to determine the order of reactants as follows
(Dandliker et al., 1978)

d[AChR-FITC-toxin]
dr

- k,[AChR]™ [FITC-toxin] ™
— k_,[AChR-FITC-toxin), (1)

where k, is the association rate constant, k_, is the dissociation rate
constant, and N, and N, are the orders of the reaction with respect to
AChR and FITC-toxin, respectively. Solving for the change in total
fluorescence with respect to time at the limit as +—0 yields the following
equation (Levison, 1975)

d7

(&7)0 = (@b — Q) [AChR]Y [FITC-toxin]?, (2)

where @, and Q; are the molar fluorescence signal, //[FITC-toxin], for
the respective “bound™ and “free” states. Similarly, for the initial rate of
change of polarization the equation is (Dandliker and Levison, 1967)

(d—”) =2t (p, — P)k,[ACRR)Y [FITC-toxin]{*-". (3)
dt Jo Qb

Taking the natural log of both sides of Eqgs. 2 and 3 yields

dr
In (EI) - N, In [AChR], + N, In [FITC-toxin],
0

+In[k(Q, - Q0] 4
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and

dp
In (E?) = N, In [AChR], + (N, — 1) In [FITC-toxin],
0

+1In %(P,, - P,)k,]. 5)

The slopes of the plots of In(d//dr), or In(dP/dr) vs. the In[FITC-toxin],
or In[AChR], give the order with respect to each reactant with the
exception of the plot of In(dP/dr) vs. [FITC-toxin],, where the order with
respect to FITC-toxin is the slope plus one.

Integrated Rate Analyses

The bimolecular association rate constant, k,, can be determined from
analyses of the time course of the reaction by fitting the observed binding
data to the integrated rate expressions for the possible reaction mecha-
nisms (Frost and Pearson, 1961). For the irreversible bimolecular
mechanism

K
L+ R— LR
Scheme |

integrating the differential rate expression for product formation,

d[LR]
= - kLR, (6)

yields
L, [RI(L] - [LR])
[Llo — [R]o  [LIo([R]o — [LR])

[L], and [R], are initial concentrations of the two reactants and [LR] is
the concentration of product (Frost and Pearson, 1961). For the
reversible bimolecular mechanism

= k1. ©)

k_,
Scheme 11

integrating the differential rate expression for product formation,

d

_[(’;’_R] ~ & [L][R) - k_,[LR), ®)
yields

[L]o{R]o -!
( [LR]. [LR]°)
[LR][LR].
[LR]e([L] - —)
In "R ke 9

[L]o([LR]. — [LR])

[LR]. is the concentration of reaction product at equilibrium (Weiland
and Molinoff, 1981).

An integrated rate expression for the unimolecular dissociation mecha-
nism,

ko,
LR— L+ R
Scheme 111

can be derived by integrating the differential rate expression for
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dissociation,
d[LR]
= ~k_,[LR].
& ~[LR] (10)
This yields
In [LR] = —k_,t + In [LR],. (11)

Integrated rate equations can be readily developed for the analysis of
the change in total fluorescence (/) upon binding of FITC-toxin to the
AChR by substituting in the following expressions' (Dandliker et al.,
1978):

-1 .

[LR] = -(-I,—_Ib) [FITC-toxin], (12)
[R], = [AChR], (13)
[L]o = [FITC-toxin], (14)

L-1
[LR), = ﬁ [FITC-toxin], 15)

where the subscripts f, b, and e represent respectively the free, bound, and
equilibrium values of the parameter. Similarly, integrated rate equations
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FIGURE 1 The association of FITC-toxin (19 nM) with various concen-
trations AChR toxin sites (10-153 nM). Shown are time courses of
enhancement of polarization (4) and total fluorescence (B8) upon binding.
Procedures used for detection of fluorescence and fluorescence polariza-
tion are given in the text. Control rates are measured in the presence of 10
mM carbamylcholine.
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can be developed for polarization (P) data from the following expressions'
(Danliker et al., 1978):

(P — P;)[FITC-toxin],

[LR] = ) (16)
5{(1’.,— P)+(P-P)
[R]o = [AChR], (17)
[L]o = [FITC-toxin], (18)
(LR], = Q(Pe — P;)[FITC-toxin], ' (19)
E:(P" ~P)+(P.-P)
RESULTS

Kinetics of Association

As previously reported (Johnson and Taylor, 1982), fluo-
rescein fluorescence increases ~100% upon binding of
FITC-toxin to AChR without a detectable chromic shift.
In addition, the steady state fluorescence polarization of
fluorescein increases ~80%. Typical recordings of the
changes in fluorescence and polarization for the FITC-
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FIGURE 2 Determination of the polarization of the bound species, P,
and the ratio of fluorescence intensity for the free and bound species. {A4)
Plot of the difference between the fluorescence polarization of FITC-
toxin (19 nM) free in solution (P; or P,) and at equilibrium (P,) with
AChR as a function of 1/[AChR sites]. P, is determined from the
ordinate intercept. (B) Plot of the ratio of total fluorescence of FITC-
toxin (19 nM) at equilibrium (/,) with AChR and free in solution (J; or I,)
as a function of 1/[AChR toxin sites].

'The integrated rate equations for the analysis of total fluorescence and
polarization data generated by substitution of Eqs. 12-19 into Eq. 7
(Scheme I) differ from those previously reported (Levison, 1975).
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toxin upon binding to various concentrations of AChR are
shown in Fig. 1. Blockade of “specific binding” by prior
incubation with excess carbamylcholine (10 mM) inhibits
>97% of the observed enhancement of fluorescence and
polarization, demonstrating the ligand-specific nature of
these spectral changes.

To perform kinetic analyses of these spectral changes,
the fluorescence (I,) and polarization (P,) of the bound
state of FITC-toxin were determined by measurement of
the equilibrium fluorescence (I,) and polarization (P,)
observed with various concentrations of AChR. From the
y-intercept of linear plots of (I./I}) and (P, — Py vs.
1/[AChR], I, and P, were calculated, respectively (Fig.
2). The relative fluorescence enhancement (I,/I;) upon
binding of FITC-toxin was 2.05 and the difference
between bound and free polarization (P, — P;) was 0.156.
The values of P; and P, were 0.212 and 0.368, for the
unbound FITC-toxin and the FITC-toxin-receptor com-
plex.

Initial Rate Analysis

To determine the order of the reaction with respect to each
reactant, an initial rate analysis was performed. The initial
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linear portion of the reaction (<10% of completion) was
examined by monitoring total fluorescence and polariza-
tion. To evaluate the order of the reaction with respect to
AChR toxin sites, the concentration of FITC-toxin was
held at 19 nM and the concentration of AChR toxin sites
was varied from 10 to 200 nM. To determine the order with
respect to FITC-toxin, the concentration of AChR toxin
sites was held at 100 nM and FITC-toxin was varied from
10 to 190 nM. The concentration of each reactant was
studied, therefore, over a 20-fold range. The FITC-toxin
could not be examined when in a large excess of AChR
toxin sites due to the diminution of signal change relative to
total fluorescence.

Plots of In(d7/d¢), and In(dP/dt), vs. In[AChR sites],
and In[FITC-toxin], are shown in Fig. 3. Examination of
the concentration dependence of the initial rate of change
of total fluorescence or polarization revealed identical
kinetic information, namely, the initial reaction was first-
order with respect to each reactant. From the initial values
of dP/dt and of d//dt the average (+SD) apparent associa-
tion rate constants (k;) were calculated based on Egs. 3
and 2tobe 6.4 + 0.4 x 10°and 6.3 + 1.4 x 10° M~ 's™!,
respectively.
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FIGURE 3 Determination of the order of the reaction with respect to FITC-toxin and AChR from initial rate analyses utilizing total
fluorescence and fluorescence polarization of FITC-toxin. The initial rates of change of fluorescence polarization (dP/dr), or intensity
(dZ/dr), are plotted as a function of initial reactant concentration using logarithmic coordinates. The solid lines denote slopes of unity (4, C,
and D) and zero (B). The corresponding equations are described in the text. [AChR] represents the concentration of AChR sites.
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FIGURE 4 Effect of native a-toxin occupancy on the initial rate of
binding of FITC-toxin to AChR. Native a-toxin in specified quantities to
give the molar concentrations noted on the abscissa was incubated for 1 h
before the initial rate of FITC-toxin binding to 53-nM AChR sites was
determined by measurement of the initial rate of change of fluorescein
fluorescence polarization.

Occupancy Dependence of Association
Rate

The possibility that the association rate constant may be
dependent on the degree of receptor occupancy was exam-
ined. AChR was incubated with increasing concentrations
of native a-toxin (N. n. siamensis) to achieve receptors
with graded increases in toxin occupancy. The initial rate
of the reaction of FITC-toxin with the AChR was then
determined by measurement of (dP/df),. A plot of the
percent of control rate vs. native toxin concentration is
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shown in Fig. 4. As would be expected if the association
rate was independent of a-toxin occupancy, the initial rate
of binding was directly proportional to the concentration of
unoccupied sites.

Besides demonstrating that the association rate was
independent of a-toxin occupancy, the above protocol can
be the basis for a fluorescence assay to ascertain the
specific binding activity of an unknown AChR sample. The
abscissa of Fig. 4 yields the molar concentration of a-toxin
binding sites of the AChR sample in the cuvette. In
conjunction with an independent protein determination the
specific binding activity of the AChR sample can then be
easily calculated.

Integrated Rate Analysis

Because the initial rate analysis was consistent with a
bimolecular mechanism, the entire course of the reaction
was examined over a 40-fold concentration range by
plotting the left-hand portion of the integrated rate equa-
tion for bimolecular reactions with (Eq. 9) and without
(Eq. 7) a dissociation step.

Examples of typical plots to each integrated rate
expression utilizing total fluorescence or polarization data
are shown in Fig. 5. As with the initial rate analysis total
fluorescence and polarization data yielded identical kinet-
ics. Fits to the integrated rate equation for a reversible
reaction (Eq. 9, Scheme II) were significantly better than
fits to the rate equation for an irreversible reaction (Eq. 7,

3
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TIME )

Integrated rate plots of the reaction of FITC-toxin (19 nM) to the AChR (54 nM toxin sites). (4) Total fluorescence of

FITC-toxin fit to reversible bimolecular association mechanism (Eq. 9). (B) Total fluorescence of FITC-toxin fit to irreversible bimolecular
association mechanism (Eq. 7). (C) Fluorescence polarization of FITC-toxin fit to the reversible bimolecular association mechanism (Eq.9).
(D) Fluorescence polarization of FITC-toxin fit to irreversible bimolecular association mechanism (Eq. 7). [LR]. was determined from the

fluorescence or polarization values at equilibrium.
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Scheme I). The mean correlation coefficient for linear
least-squares fits to Scheme II was 0.99 compared with
0.91 for fits to Scheme I. The apparent rate constants
determined for various reactant concentrations are plotted
in Fig. 6 as a function of the ratios of [AChR-toxin sites] to
[FITC-toxin]. Within a factor of 2 the average apparent
bimolecular rate constant was independent of the reactant
concentration ratio. At the lower ratios of [AChR-toxin
sites] to [FITC-toxin] significantly more variability was
observed, yet a consistent deviation for the value of the rate
constant could not be detected. The average (+SD) rate
constants (k,) based respectively on polarization and on
fluorescence are 6.8 + 1.6 x 10° M~'s™' and 6.6 + 1.7 x
10° M~'s7",

Dissociation Kinetics

The kinetics of dissociation were examined by a chemical
dilution method. Between 1.5 and 16 h after FITC-toxin
and AChR were initially mixed, a 250-fold excess of native
a-toxin was added to prevent rebinding of dissociated
FITC-toxin. Total fluorescence and polarization were then
monitored for periods up to 8 h. The reaction over this time
interval (~70% to completion) fit a unimolecular mecha-
nism with an average (+SD) dissociation rate constant of
3.3 + 0.5 x 107°s~! (nine determinations). Fig. 7 shows a
typical fit of the time course of change of fluorescence
polarization of FITC-toxin initially bound to the AChR
following the addition of excess native toxin.

DISCUSSION

The kinetics of association of FITC-toxin with the mem-
brane-associated AChR is compatible with a reversible
bimolecular mechanism of binding to a homogeneous class

of sites. An examination of the initial rate of binding
10 +
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FIGURE 6 Plot of the apparent association rate constant derived from
fits to integrated rate expression for reversible bimolecular reactions
utilizing total fluorescence (0) or fluorescence polarization (®) of FITC-
toxin as a function of the ratio of [AChR sites] to [FITC-toxin]. The
[FITC-toxin] was either held at 19 nM and [AChR sites] varied from 10
to 153 nM or [AChR sites] was held at 102 nM and [FITC-toxin] varied
from 4.8 to 192 nM.
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FIGURE 7 Integrated rate plot of the dissociation of FITC-toxin (27
nM) from the AChR (95-nM toxin sites) following the addition of 25 uM
native cobra a-toxin. The fluorescence polarization was fit to an
integrated rate expression for a unimolecular dissociation mechanism

(Eq. 11).

demonstrated the reaction is first order with respect to both
FITC-toxin and AChR toxin sites. Moreover, the associa-
tion process is independent of the degree of a-toxin occu-
pancy. Occupation of AChR toxin sites with native a-toxin
prior to measurement of initial rate shows the rate of
binding to be directly proportional to the concentration of
unoccupied sites. Further evidence for the reversible
biomolecularity of the reaction stems from the excellent
fits of the binding kinetics over a 40-fold concentration
range of FITC-toxin and AChR toxin sites to the inte-
grated rate expression for a reversible bimolecular reac-
tion. The average association rate constant (k;) is 6.7 +
1.7 x 10° M~!'s~!. Based on a chemical dilution technique
the dissociation process is unimolecular with a dissociation
rate constant (k_,) of 3.3 = 0.5 x 107° s™'. The kinetic
dissociation constant (k_,/k;) is therefore ~5 nM, in
reasonable agreement with an equilibrium dissociation
constant of ~4 nM, as previously reported (Johnson and
Taylor, 1982).

Because there are two sites on each AChR monomer
where the a-toxins bind (Karlin, 1980; Changeux, 1981),
and since we observed that FITC-toxin binds to all toxin
sites with equal affinity, the simplest kinetic scheme that
describes the reaction is

X T+ RRT
] 4
% N
2T + R,R, k*' k" TR,R,T.
W N ]/k
* T4+ TR,R, 3
Scheme IV

T represents FITC-toxin and R, R, receptor monomer with
two a-toxin binding sites (a and b). All the association rate
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constants appear identical (k, = k, = k; =k, =6.7 £ 1.7 x
10° M~'s™") as do the dissociation rate constants (k_, =
k ,— k 3=k 4=33205x10°%s7").

As previously discussed (Johnson and Taylor, 1982) the
binding-induced enhancement of fluorescein fluorescence
probably involves a conformational change in the toxin,
while the increase in fluorescence polarization reflects the
immobilization of the whole toxin upon binding. We
measured the kinetics of change of both the total fluores-
cence and the steady-state polarization of the FITC-toxin
in the hope of resolving the conformational change from
the immobilization. Interestingly, the kinetics of both
spectral parameters revealed identical kinetic information
suggesting that the conformational change associated with
the binding-induced fluorescence enhancement is coinci-
dent with the immobilization of the FITC-toxin. No
“delay” in the enhancement of fluorescence relative to the
increase in polarization following the mixing of the FITC-
toxin and the AChR was ever observed using the instru-
mentation (~1-2 s mixing time) described above. More-
over, a lag in fluorescence enhancement has not been
observed with a stop-flow apparatus where reaction half
times approached 100 ms (data not shown).

Twenty years have passed since the first elapid a-toxin
was isolated (Chang and Lee, 1963). While the study of
the interaction of purified a-toxins since this time has
yielded much information on the AChR, no general agree-
ment on a single mechanism of interaction of a-toxin with
the receptor exists. This lack of agreement probably
reflects diversity in buffer sources and preparation of
AChR, the choice of toxin, the nature of chemical modifi-
cation required to monitor binding, and experimental
design. Most kinetic studies have focused on a toxin from
Bungarus multicinctus venom, a-bungarotoxin. The asso-
ciation kinetics of this toxin to the membrane-associated
Torpedo receptor have been reported to be monophasic
(Blanchard et al., 1979; Lukas et al., 1981) and multi-
phasic (Leprince et al., 1981). Dissociation has been shown
to occur over several hours (Lukas et al., 1981) and in
other cases to be essentially irreversible over this time
frame (Blanchard et al., 1979).

N. n. siamensis a-toxin associates with the Torpedo
AChR ~10 times faster than the mono['*I]a-bungaro-
toxin and shows simple bimolecular association kinetics
(Weiland et al., 1976). The dissociation process, however,
has been observed to be unimolecular for the mono['*I]a-
toxin (Weiland et al., 1976) and multiphasic for [*H]pyri-
doxamine phosphate a-toxin (Maelicke et al., 1977). This
controversy over dissociation mechanism may reflect the
radiolabel and/or the site homogeneity of labeling. Homo-
geneous monof'*I]a-toxin appears to bind by a simple
reversible bimolecular mechanism. The mechanism of
FITC-toxin binding to the AChR appears identical to that
of the mono['”I] iodo a-toxin. The rate constants of
formation and dissociation differ for the two complexes.
The mono['?]] iodo a-toxin complex associates ~100

CHEUNG ET AL.  Kinetics of FITC-Toxin Binding

times faster (k, = 7.6 x 10° M~'s™") and dissociates ~3
times slower (k, = 1 x 107°s7') than the FITC-toxin
(Weiland et al., 1976).

Kang and Maelicke (1980) have reported the prepara-
tion of a monoconjugated fluorescein a-toxin but have not
identified the site or established site homogeneity of label-
ing. The association of this fluorescein a-toxin to the
solubilized AChR from Electrophorus electricus closely
resembled (within 90%) but did not completely conform to
the rate law of second-order reactions (k, ~ 6.7 x 10°
M~'s™"). The dissociation was slightly biphasic with a rate
constant of ~6.7 x 107°s".

A distinct advantage of kinetic analyses using fluores-
cent toxins is that they are amenable to continuous moni-
toring. Thus potential complications in the analysis (cf.
Leprince et al., 1981) that result from separation of free
and bound species for detection are eliminated. The
simplicity and specificity of the reaction of FITC-toxin
with the AChR as well as its excellent fluorescent proper-
ties should also prove useful in the examination of struc-
tural details and dynamic behavior of the AChR-toxin
complex. In addition, FITC-toxin is very stable when
stored at —70°C, so that it can be useful in titrations with
native toxin for routine determinations of the specific
binding activity of AChR preparations (see Fig. 4), obviat-
ing frequent iodinations and radio detection procedures.
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