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Abstract

Fluorescence correlation spectroscopy (FCS) is suited to determine low concentrations (10™% M) of slowly interacting
molecules with different translational diffusion coefficients on the level of single molecule counting. This new technique was
applied to characterize the interaction dynamics of tetramethylrhodamin labelled «-bungarotoxin (B ") with the detergent
solubilized nicotinic acetylcholine receptor (AChR) of Torpedo californica electric organ. At pseudo-first-order conditions
for AChR, the complex formation with B* is monophasic. The association rate coefficient of the monoliganded species
AChR - B is k, =3.8-10% s~ ' at 293 K (20°C). The dissociation of bound B* from the monomer species AChR - B* - B
(and AChR - B, ), initiated by adding an excess of nonlabelled a-bungarotoxin (B), is biphasic suggesting a three state
cascade for the B-sites: R, — R, — R, with the exchange dissociation constants: (k. J)s=355(+1)-10"% s~ and
(k) =3(£1)-107% 57! at 293 K. The data are consistent with dissociative intermediate steps of ligand exchange on
two different interconvertible conformations of one binding site. The dissociation of bound B™ by excess of the
neurotransmitter acetylcholine (ACh) is biphasic. At [ACh] = 0.1 M both B” are released from the AChR - B, species. The
mechanism involves associative ternary intermediates (AChR - B*A, AChR-B"A, and AChR - B;A,). The equilibrium
constants (K, ) and dissociation rate constants (k_, ) for ACh in the ternary complex state R, and R/, respectively, are
K,=11-10">Mand k¥, =3-10°s"'and K; =7.5-107? Mand k", =2-10® s~ '. It is of physiological importance
that the FCS data indicate that the AChR monomer species (M, = 290000), which normally at [ACh] < | mM only binds
one ACh molecule, does bind two ACh molecules at [ACh] > 0.1 M.
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1. Introduction

The rapid synaptic signal transmission between
cholinergic muscle and nerve cells is mediated by
the postsynaptic acetylcholine receptor (AChR) sys-

* Corresponding authors: concerning AChR, E. Neumann, tem. In many cases and especially in Torpedo fish
Bielefeld; concerning FCS, R. Rigler, Stockholm. electrocytes, AChR can be isolated as two species.
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Conventional preparation conditions yield a dimer
species of molar mass M, = 580000. The presence
of reducing agents leads to the monomer fragment of
M, = 290000, consisting of homologous subunits of
the stoichiometry a, By8. The two a-subunits of the
monomer species are the predominant targets for the
binding of the natural neurotransmitter acetylcholine
(ACh; A) and of snake a-toxins, which compete
with ACh. See the review [1].

The a-toxins prevent the opening of the AChR
channel by blocking the binding of ACh. Only ex-
tremely high concentrations (= 0.1 M) of ACh lead
to the dissociation of tightly bound a-toxins (= 107%
M). The a-toxins have proven to be a very useful
tool to explore dynamic molecular properties of
AChR species. The kinetics of the association of
a-toxins with AChR as well as the structural changes
coupled to the toxin-binding have been investigated
by filter assays of radionucleotide-labelled as well as
of fluorophore-marked a-toxins. The questions ad-
dressed include (i) Are the two a-sites per monomer
species equivalent and independent? (ii) Does the
biphasic toxin dissociation kinetics reflect differ-
ences in the two a-sites or does it indicate that one
a-site exhibits two different conformational states
with different affinity for the toxin?

It is shown that the method of fluorescence corre-
lation spectroscopy (FCS) is suited to definitely an-
swer some of the not yet resolved questions. FCS
allows one to determine the kinetics of slowly inter-
acting molecules with different translational diffu-
sion coefficients at very low concentrations (< 1073
M). This new technique of molecule monitoring is
applied to characterize the interaction dynamics of
tetramethylrhodamin labelled a-bungarotoxin (B*)
with the detergent solubilized nicotinic acetylcholine
receptor (AChR) of the electric organ of the Torpedo
californica.

The main physiologically relevant result is that
the exchange of bound toxins can proceed via disso-
ciative intermediate steps of ligand exchange on two
different interconvertible conformations of one bind-
ing site. Furthermore, high concentrations of the
neurotransmitter ACh (0.1 M) can release both a-
toxins from one receptor monomer fragment. Thus at
[ACh] > 0.1 M both a-sites of the monomer are
occupied by ACh whereas at the physiological level
of [ACh] < 1073 M only one a-site binds ACh [2].

2. Materials and methods

2.1. Acetylcholine receptor (AChR) and «-
bungarotoxin (B)

AChR species were isolated as detergent-solubi-
lized dimers and monomers. The receptor proteins
were purified by affinity chromatography as de-
scribed previously [3]. The composition of the stan-
dard buffer solution used was 10 mM HEPES (pH
7.4), 100 mM NaCl and 0.5 (wt.-%) of the detergent
CHAPS. Tetramethylrhodamin Ilabelled a-
bungarotoxin (TMR-a-Btx, abbreviated B*) was
commercial (Molecular Probes, Inc., USA). In solu-
tion the receptor species are mixed micelle-like
ternary complexes of protein, endogeneous lipids and
detergents.

2.2. Fluorescence correlation spectroscopy (FCS)

The experimental set up for the FCS measure-
ments was used as described [4]. The species counted
by FCS are TMR-a-Btx (B*) and B* bound to the
ACHhR species of varying total (monomer) concentra-
tions ((R,]=1 nM-1.6 uM), mostly at [B;]= 40
nM. For the dissociation kinetics the mixtures of B*
and AChR were incubated for a time interval > 4 h
before the FCS measurements. Laser excitation
wavelength was A, = 515 nm; power 1 mW, chan-
nel time unit was 7= 0.1 ms. A droplet of a 10 ul
solution was applied to the surface of the objective
lens of a microscope through which the laser beam
passes. Fluorescence emission was collected by the
same objective and the intensity fluctuations were
analyzed in terms of an autocorrelation function.

2.3. Analysis of the FCS data

Provided that only one type of species was pre-
sent, for instance, TMR-a-Btx alone, the analysis of
the autocorrelation curve was carried out with a
nonlinear least squares’ fitting programme using the
autocorrelation function [4,5]:

G(7)
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1+7/7,

+
N
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(1)
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where N and 7; denote the number and the diffusion
time constant of the fluorescent particles, respec-
tively, 7 is the channel time and o, and ,, are the
extensions of the Gaussian volume element of obser-
vation (laser beam) along the perpendicular to the
optical axis, respectively [4]. The quantity 7 o] is
the area covered by the laser beam through which
the molecules diffuse; wf'y is determined by a stan-
dard measurement with rhodamine 6G. The beam
dimensions and the translational diffusion coeffi-
cients D are related by

w=w,/(4D). (2)

If in the process of complex formation the dissocia-
tion rate constants kg are large compared with the
diffusion time constants 7y, i.e. kj;\ < 7,, the analy-
sis of the autocorrelation curves yields the numerical
values of N and D of each the interacting species.

The diffusion times of the free TMR-a-Btx
molecules (B*) and of the complexes AChR - B~
and AChR - B, are sufficiently different. Therefore
we can use the following autocorrelation function to
determine the degree of binding y* of TMR-a-Btx
to the AChR

G(T)=1+N*

(1—y*)'9f+y*Q2'6b
3
[(1-y")+y 0] ] )

where N* is the total number of free TMR-a-Bitx
molecules (B*) and of the receptor species with
bound B*, i.e. the monoliganded form AChR -B~”
and the biliganded AChR - B;. The 6-terms are de-
fined by:

: : 1/2
0; = 3
1+ 7/7 1+(wz/wx'y) T/ 7
and
. : 1/2
0, = 3
1+ 7/7, 1+(wz/wx'y) T/T,

7. and 7, are the diffusion time constants of free
(B*) and bound (B; ) toxin molecules, respectively.
The factor Q = q,/q; is the ratio of the quenching
coefficients of B, and B~, respectively.

The diffusion time constant 7, of the free B* is
sufficiently different from the time constants

To(AChR-B*) and 7,(AChR-B;). Because the
molar mass of AChR (M, = 290000) is much larger
than that of B~ (M, = 8000), the translational diffu-
sion constants of AChR-B”" and AChR-B; are
practically equal. Hence we use 7,(AChR-B*)=
7,(AChR - B} ). Therefore, in FCS both the monoli-
ganded and the biliganded AChR monomers count as
one type of fluorescent species.

Explicitly, the fraction of FCS bound B~ relative
to the total B is defined by

[By] [AChR-B*]+[AChHR-B; ]
[B:] [B]

=y, +y, (4)
where y," and y, are the contributions of the mono-

and biliganded species, respectively. The molecular-
thermodynamic degree of binding of B™ is given by

[AChR-B* ] +2-[AChR - B; ]
3]

where y = y," + 2y, and the relationship 0 <y < 1

holds. We see thaty, =y,  andy>y".

*

y= (5)

3. Results

The FCS data in Fig. 1 show that the TMR-a-Bix
(B*) molecule, the monoliganded species AChR - B*
and the dimer receptor species (AChR - B "), exhibit
autocorrelation functions consistent with the increas-
ing molar mass of the diffusing particles. The diffu-
sion coefficients evaluated with Eq. 1 are given in
Table 1.

In contrast to FCS, conventional static fluores-
cence titration (SFT) directly yields the degree of
bound B* by

Bl F-E 2]

= = = — 6
Y"IB T R-E 2RI+K ©)
if the simple reaction scheme

AChR,+B* = AChR_-B~ (7

applies, where R, represents one of the two inde-
pendent binding sites of the AChR monomer R
(Mr = 290000); see the discussion. Note that for the
total concentration of the AChR monomer we have
[R]=I[R,]/2.InEq. 6, F,=F(R,]=0) and E, =
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Fig. 1. Fluorescence autocorrelation function G(7) as a function
of channel time () for the translational diffusion of (1) TMR-a Btx
(B*), (2) monoliganded Torpedo californica AChR monomer
species (R-B*) and (3) liganded AChR dimer species (RB*),.
Total concentrations: [B;” J= 40 nM; AChR monomer [R,]= 0.2
uM (95% monoliganded, RB*); AChR dimer [(R,),]=0.1 uM
(95% monoliganded with respect to a monomeric part R). All
species in 0.1 M NaCl, 0.5% (w) CHAPS, 10 mM HEPES, pH
7.4, 293 K (20°C). Excitation wavelength of the laser A,, = 515
nm; power 1 mW; 1 channel time unit is 7 = 0.1 ms.

F(R,] = ) are the fluorescence emission intensity
at total AChR concentration zero, [R,}=0, and at
[R,]> [B, ], respectively.

For the case of independent 1:1 stoichiometry, the
equilibrium constant can be determined from the
mass action formalism for Eq. 7 according to:

_ 11—y
K= T(z[Rx] -y[B/])

=2[Rt]y=0~5_0'5[Bt ] (8)
Table 1
Translational diffusion times (1) and diffusion coefficients (D)
Molecule M, ™ D-10'°

(ms) (m?s™")

Rhodamin 6G 478 0.146 2.8
TMR-aBix (B*) 8000 0.4 1.0
AChR B (monomer) 350000 1.2 0.33
(AChR' B "), (dimer) 700000 1.4 0.29

FCS solution conditions: 0.1 M NaCl, 0.2 mg lipid/ml (= 25
mM), 0.5% CHAPS (w), 10 mM HEPES, pH 7.4; 293 K (20°C).
The Torpedo californica AChR protein is associated with lipid
and detergent. The monomer and dimer species are mixed mi-
celles. The relative molar masses M, are estimates; using M,
(monomer) = 290000; the contribution of lipid (M, = 800) and
detergent is estimated to 65X 800 = 52000 [3].

60 _|
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0 | T TFTTI T TTTT T TTITY [
0.1 1 10 102
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Fig. 2. Static fluorescence titration of TMR-aBtx (B*) with
Torpedo californica AChR monomer species. Fluorescence emis-
sion (F) in arbitrary units as a function of the total toxin binding
site concentration 2 [R,] (logarithmic scale) for two sets of three
different total initial concentrations [B* ]= 5(x,*), 10 (O,0) and
15 nM (@), respectively; 0.1 M NaCl, 10 mM HEPES, pH 7.4,
293 K (20°C). Excitation A,, = 554 nm, emission A,,, = 577 nm.
Quantum yield ratio of bound B; to free B* is given by
Q=q,/q;=FE. /F;=0.6510.05. The overall equilibrium con-
stant K =[B"]-2[R,]/[B; ] is estimated from the [R,] value at
y = 0.5 according to K = 2[R ], _¢5 —0.5 [B;" ]= 1.5+ 0.5nM.

where 2[R,] _,s5=I[R, ) o5 is the total a-site
concentration at half saturation of binding. Data
evaluation of the three titration sets in Fig. 2 in terms
of Egs. 6 and 8 yields K= 1.5+ 0.5 nM. In addi-
tion, the titration data provide the quantum yield
ratio Q (554/577) for the excitation and emission
wavelengths A, =554 nm and A,, =577 nm, re-
spectively:

=&=E=0.65i0.05. (9)

@ K

In Fig. 3, it is seen that in the first 40 min (and also
in the longer time range, data not shown) the B *-bin-
ding to AChR is of pseudo-first order with respect to
AChR. The values of [R,] and [B," ] are such that the
ratio r =[AChR - B, ]J/[AChR-B*]=1/5 indi-
cates 83% of the receptor species being in the mono-
liganded state AChR-B”*; see the discussion. The
relaxation rate 1/7’° is linearly dependent on [R,],
Fig. 4, suggesting that the association rate coefficient
is given by k,,=1/7. Presently we have only
applied pseudo-first order conditions for the receptor
species. Note that for [R,]> [B,], there are only
monoliganded AChR species. The alternative condi-
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Fig. 3. Association kinetics of TMR-aBtx (B*) and AChR
monomer species. Concentration [B* ] (logarithmic scale) of free
B™ as a function of time (t) after addition of B* to yield
[B,” 1= 40 nM. AChR monomer total concentration [R,]= 60 nM
(total binding site concentration 2[R,]= 120 nM) 0.1 M NaCl, 0.2
mg lipid/ml, 0.5% (w) CHAPS, 10 mM HEPES, pH 7.4, 293 K
(20°C).

tion [B;]> [R,], faces technical problems of low
G(7)-values because of high fluorophore concentra-
tions.

Fig. 5 shows the results of the FCS titration of a
given amount of B with increasing concentrations
of receptor monomer species. As expected from Eqgs.
4 and 5 data evaluation according to Eqs. 6 and 8
shows that y * <y, in particular at low [R,] values.
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Fig. 4. Reciprocal time constant (1/7') of the pseudo-first order
association kinetics of TMR-aBtx (B*) and AChR monomer
species as a function of total site concentration (2[R ]). The slope
yieldsd(1/7)/d2[R D=k, =3.8(£0.5)- 10 M~ ' s~ at 293
K (20°C).
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Fig. 5. Degree y * =[B, 1/[B;" ] of bound TMR-aBtx (B} ) as a
function of total AChR monomer concentration [R,]. Since in FCS
each complex, AChR'B* and AChR-B;, count as one species,
y* =[AChR-B"]/[B;]+[AChR -B;I/[B 1<y, with y=
[AChR-B*]/[B; ]+ 2[AChR-B; ]/[B"]. Note that at [R ]>
B ly"=y.

The y-curve was calculated from the simple mass
action expression (8) using K =1 nM. At [R,]>
[B, ], where y=y " =y, both y and y * are identi-
cal. We see that K from FCS is the same as K = 1.5
+ 0.5 nM from SFT, Fig. 2.

In Fig. 6 it is evident that the dissociation of B”*
from the complexes AChR - B, enforced by the
addition of unlabelled a-Btx (B) to the receptor
monomer complexes, proceeds in at least two kinetic
phases. The experimental conditions [R,] = 200 nM
are such that at (B ] = 40 nM we expect y * =y =
y, = 1. The evaluation of y* with Eq. 3 does not
include the small fraction of those B’ molecules
from which the TMR-label is hydrolytically removed
with time. If this is taken into account, then indeed
y © = 1. On the same line, triplet state contributions
are not explicitly recorded [6] because they do not
interfere on the time scale relevant here. The results
of the normal mode analysis in terms of two expo-
nentials (time constants 7' = (kj);' and 7" =
(ki)' and amplitudes A', A”) are summarized in
Table 2. It is noted that the amplitude ratio A'/A" is
the same, independent of the total AChR concentra-
tion.

The dissociation of B* from the complexes
AChR -B* and AChR - B; caused by an excess of
the natural neurotransmitter acetylcholine (A) is mul-
tiphasic, too. The data are similar to those in Fig. 6
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Fig. 6. Dissociation exchange kinetics. The fraction y* =
[B; 1/[B;" ] of bound TMR-aBix (B} ) as a function of time, after
addition of unlabelled aBtx (B), [B,]J=10 uM, to a AChR
monomer species, incubated for 4 h with [B;"]= 40 oM, 0.1 M
NaCl, 0.2 mg lipid/ml, 0.5% (w) CHAPS, 10 mM HEPES, pH
7.4, 20°C. Open symbols, control at [B,]= 0; B, @, two data sets
at [R,]=0.2 pM yielding about 95% monoliganded receptor
(AChR'B*); a, Vv, two data sets at [R,]= 20 nM yielding about
80% biliganded receptor (AChR - B; ).

(and are not shown). Due to photo instability of the
fluorophore at large measuring times only the first
(1/7') and second (1/7") relaxation phases can be
reliably analyzed. We found that 1/7" linearly in-
creases from <107 s ' t0 107° s™' and 5-107*
s !at increasing concentrations of ACh from [A] =
10 uM to 1 mM and 0.1 M, respectively. The slope
is d(1/7)/d[A]=5-10"° M~ s71. At[A]=0.1
M, 1/77=4-10"¢ s7', and d(1/7")/d[A]=4-
107° M~ sl

Table 2
Relaxation rates (1/7) and amplitudes ( A) of the dissociation
exchange kinetics AChR'B* +2B —» AChR'B, +B*

R/ G'/us)"t A (r'/us)™ ! A A/A
nM

200 49424 024401 37411 059+0.1 0.41

20 65450 0.1840.1 26+1.4 0.44+0.1 042

Data evaluation according to y* = A’ e /7 + A" e" V7

At 2[R ]= 400 nM the ratio r =[R-B; ]/[RB*]is r = 0.05, i.e.
there is 95% monoliganded AChR. At 2[R,]=40 nM, r = 4, ie.
there is 80% of the R-B; species. Data analysis (see text) yields
/1) =Ky )p =55(£ 11075 57! and (1/7") =K}, ) =
3.0(£1)-107¢ 57,

4. Discussion

Since in FCS mono- and multiliganded receptor
macromolecules AChR - B (n=1, 2, .) count as
only one type of (diffusing) fluorescent species, de-
tailed data analysis is unambiguous only for the
AChR monomer with its two a-sites R,. It is re-
peated that for the AChR monomer R, the total toxin

site concentration is [R,, ] = 2[R ].

4.1. Association kinetics of TMR-a-Bgt to the AChR

As evident in Fig. 4, the association of B™ to
AChR in excess, [R,]>[B"], is of pseudo-first
order. This is in line with observations made for all
other a-toxins, labelled or unlabelled [7-11]. The
first order relaxation rate for B*, 1/17' =k, =38
10* M™! s7!, is small compared with 1/7" (B) =
ki, (B)=26-10° M~' s~! found for unlabelled
a-Bgt (B) [7]. A similar result was found for fluo-
rophor-labelled (CT *) and unlabelled a-cobratoxins
(CT); bk, (CT*)=6.7-10° M~ ' s~ ! for CT* [12]
and k,, (CT)=1.3-10° M~' s~' for CT [10]. The
difference was interpreted in terms of steric hin-
drance.

If the AChR is solubilized from the electrocyte
membranes from the Torpedo californica, the in vivo
nonequivalent a-sites become equivalent [13]. This
observation is in line with the finding that the kinet-
ics of the biliganded AChR - B; is similar to that of
the monoliganded species AChR - B*. The data sug-
gest that the solubilized AChR can be described in
terms of two independent «-sites. In a mixture of
AChR-B* and AChR - B; the ratio r of bi- and
monoliganded species can be calculated from the
total concentrations [B, ] and [R,]. Substitution of
Eq. 5 into Eq. 8 yields

]

[AChR B;] [B] 0
"~ lAGR B] - 2k (Y (10)
The order of magnitude of k= 10°-10® M™!

ass
s~ ! suggests that 1/7' =k, cannot reflect a simple
bimolecular step B* + AChR = AChR - B* (ex-
pected to have k, = 10° M~' s™'). An adequate
scheme for the data in Fig. 3 must therefore include

at least two steps for each a-site R :

(k) k)
B*+Ra<——*Ra-B*j‘ﬁR’ﬂ'B‘. (11)

ko,
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The results in Fig. 4 suggest that the bimolecular
step with the equilibrium constant K,=[B*]-
[R_1/[R,-B"] is rapidly coupled to the slower
structural change characterized by the equilibrium
constant K, =[R,-B*]/[R,-B"]1=k",/k,. Nor-
mal mode analysis for this condition yields [14]:

1 T
— = FeR k. (12)
7 [R,]+K,

Since 1/7 is linearly dependent on [R,], we
must assume that K, > [Ra]. This inequality must
be valid up to [R, ]=2[R]J=3 uM (Fig. 4.
Therefore, within the margin of experimental error,
K, may be at least two orders of magnitude larger
than 3 uM. For further estimates we thus assume
K,>10* M.

The linear dependence of 1/7" on [R,], extrapo-
lating to approximately zero (Fig. 4), also suggests
that in the receptor concentration range of 1 uMto 3
M, we can assume that:

ko[RJk-2RD
K] KI

k. (13)

Therefore, for [R,]> 0.2 uM, Eq. 12 reduces to
(/1) =k, 2ARI=k;-[R, J/K,, where k=
k,/K,=38-10" M~' s”'. From Eq. 13 we obtain
ki =k, -K,>0.38s"', which is a value consistent
with a slow conformational transition induced by the
binding of B*.

The experimental conditions of the association
kinetics (data in Figs. 3 and 4) are such that one of
the two (equivalent) R -sites of the receptor monomer
is not occupied; see Eq. 10. This situation is different
from the binding of unlabelled «-Bgt to AChR-B*
species, where one of the a-sites is already occupied
when the other one can bind B.

4.2. Exchange kinetics of B™ versus B

The enormous acceleration of the biphasic disso-
ciation of B* from the complex AChR-B* by an
excess of unlabelled a-Bgt (B) suggests (i) that at
least three interconvertible states for one binding site
are involved:

R,=R,=R, (14)

and (ii) that the excess of B leads to a direct ‘attack’

of B on the complexes R\, B" and R’, - B*. There-
fore, the induced fit binding reaction cascade B* +
R,=R,-B"=R_-B" =R, -B" is not reverted
by binding of B exclusively to the free sites R,
thereby releasing B* from the R, -B" complex
only. Since the kinetics of the direction R, -B” —
R,-B" =R, -B" is slow (Fig. 3), such an ex-
change mechanism would be much slower than is
actually observed.

In detail, for the AChR state R, we observe the
appearance of free B* according to

(K"
R,-B'+2B = R, B'B+B=R,-B,+B"

(15)

where K" =[R,-B"]-[Bl/[R, - B" Bl is a dissoci-
ation equilibrium constant similar to K, discussed in
the context of Eq. 11. If K" =K, > 10"* M, the
first step in Eq. 15 is rapidly coupled to the exchange
step:
(Kydp
R,-B°B+B = R,-B,+B" ... (16)
(€I
The relaxation rate 1 /7" at [B] > [B " ] was found
to be independent of [B] (data not shown) suggesting
a ligand exchange according to a dissociative mecha-
nism [14]. For instance, reaction {16) involves the
two steps:

TN
R,-B°-B = R,-B+B" (17)
(k’|)B
and
Ky
R,-B+B=R,-B,. (18)
k-
The kinetic analysis yields [14]:
1
?:(kAiss)B+(k;ss)B (]9)
where
(A L)
)0 = TR+ (ka5 ]
and
kik_[B*]
(ki) =

k. [B]+Kk[B"]
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The rate constants (k})g and k', and the equilib-
rium constants (K )y =(k_)g/(k})g and K', =
k_ /k’, both refer to overall bimolecular processes
which are similar to the reaction kinetics described
by Eq. 11 with k, =k,/K,=38-10° M~ s7!
(Fig. 4 and Eq. 13). We therefore may assume that
the approximations (k) = k', =k, and (K ), =
K', hold true. Because of [B,]> [B'], here [B,] =
10 uM and [B; ] =40 nM, we readily realize that
(kyisds = (K_ g and (ki )y = (k)y - Ky
[B*1/[B]. As in similar cases of exchange kinetics
with large excess of one ligand, here B, the relation-

ship

1
?=(k:1iss)B=(kL1)B’ (20)

applies where the inequality (kj ) > (k.. )g is
implicit; see Eq. 19. Eq. 20 can be quantitatively
justified. Since (kj,)g =5.5-107° s™' (Table 2),
we obtain the approximation (K;) = (ki )/ ki =
1.5-107% M and thus K', = 1.5-107* M. Substitu-
tion into the expression for (k. )y yields (k) )g =
2.3-1077 s~ ', Therefore, indeed (k, )y << (ki )g-
Because the slower relaxation mode characterized
by 1/7" is also independent of [B] at [B," ] < [B,],
similar analysis for the step
(Kins
R,"B"-B+B ='R, B,+B’ (21)
ass/ B

and similar arguments (as for 1/7') yield:

1
‘;=(k$iss)B:(k”—1)B (22)

where (ki J)s=3(£1)-107% s~ ! (Table 2). As-
suming (k})g = k', = k,, we obtain K", =(K7)g
= (k7 )y /(kDp = (kg /Ky = 0.8(£1) - 1077
M~!. The comparison with the SFT equilibrium
value K =1.5+0.5 nM (Fig. 2) suggests that the
final distributions obtained by FCS (Figs. 4 and 6)
are indeed the equilibrium values, i.e. K = (K})g,
indicating the consistency of the data.

In the case of the biliganded AChR - B; species
the overall exchange according to

AChR-B; +2B = AChR B, + 2B~ (23)
is consistently analyzed in terms of two independent

binding sites, using the Egs. 14 to 21. This is in
accordance with the observation that the amplitude

ratio for mono- and biliganded species, respectively,
is the same (Table 2) and that the rate coefficients
(ks dp = (k_ g = 5.5(£ 1) 1077 57! and (kgiss)p
=(k_)p=3(£1)-107% s7' are also the same
within the margin of error, supporting the equiva-
lence and independence of the two a-sites in the
solubilized AChR monomer species.

4.3. Release of bound B* by excess of A

The data analysis shows that the exchange of the
big ligand B* by the small agonist molecule A
according to the overall process:

ki.\s
AChR-B* + A = AChR - A + B~ (24)
k

asy

is actually a cascade:

IR (k)"
AChR-B*+A = AChR-B"-A =
k_a (k)"

AChR-A +B*, (25)

involving the intermediate ternary complex AChR -
B* - A where both B* and A are on or near one
a-site (R,) of the AChR monomer.

Because of [A] > [B" ], the exchange of B* by A
is enormously accelerated. It involves directly the
statesR,-B*,R,-B" and R’ - B" as in the case of
the exchange of B* by B. The analysis of the two
exchange levels (biphasic relaxation curves) which
were measured yields [14]:

1 k}\'(kl—l)*

- =k;iiss= , , * [A] (26)
T k_p+(k_y)
and

1 ki (k)

. :kéiss= ,_——*[A] (27)
T ky + (k)

because in both cases the data suggest that the
inequality kg > k,, holds. The rate constants
(k_,)* for the dissociation of B* in Eq. 25 refer to
similar processes as the rate constants k_, for the
dissociation of B* in Eqs. 18 and 22. Therefore we
set

(k’-l)* = (k_,)p and (kll)* = (k. )g-
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The rate constants k", and k" , reflect the nor-
mally rapid dissociation of a small ligand from a
ternary encounter complex [12]. It is therefore very
likely that k_, > (k_,)" holds for all three recep-
tor states to be considered, see Eq. 14.

The linear dependencies of the relaxation rates
1/7" and of 1 /7" as a function of [A] yield, respec-
tively,

/7 k;\'(k,—l)B (k;l)B
[A] k. +(K s Ki (28)

and

1/7 B ki (K ))g _ (K 1)p
[A] Ko+ (K2y)g KA

(29)

If we insert the experimental data (1 /7')/[A} =5
107" M7 s7' and (k' )g=55-10"" s~ ! into
Eq. 28 and (1/7")/[A]1=4-10"° M~! s7! and
(k" )y =3-107% s~ into Eq. 29, we obtain K, =
1.1-107* Mand K; =7.5-10"2 M.

In the reaction Eq. 25 k, is the association rate
constant. If the R _-site occupied by B* does not
change the affinity of the second R _-site of the
AChR monomer species, we assume for the two
receptor states R, and R, that k), =k} =2.4-10’
M~! 57! [15). Since generally K, =k_, /k,, we
estimate that k_, =k -K,=~3-10° s™' and that
k' . =ky-Ks=2-10° s7'. These values are con-
sistent with the assumption that k_, > (k_ )" used
previously holds true.

In summary, in contrast to the exchange of bound
B* by B showing a dissociative mechanism, the
small molecules A replace the bound B* via an
associative mechanism. The same result was found
with other a-toxins [10].

It is interesting to note that at (unphysiologically)
high concentrations of ACh, both toxin molecules
are replaced by A

AChR - B} +2A = AChR- A, + 2B".

Therefore the FCS data suggest that the AChR
monomer binds two ACh molecules provided the
concentration of A is high enough. Physiologically,
the monomer part of the native AChR dimer binds
only one ACh molecule [2], but two a-toxins.
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