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Abstract

To better understand how a-neurotoxins interact with the acetylcholine receptor, four fluorescein isothiocyanate derivatives of the
siamemsis a-cobratoxin were prepared (conjugated to the e-amino group in Lys®*, Lys>, Lys*, or Lys®®) and the time-resolved fluorescence
anisotropy of each conjugate was measured free in solution and bound to the 7orpedo acetylcholine receptor. All the conjugated reporter
groups displayed a high and comparable level of mobility free in solution. When receptor bound, on the other hand, significant differences in
the conformational dynamics of the reporter groups were observed with the C-terminal Lys69 derivative displaying by far the greatest
mobility strongly suggesting that the C-terminal domain of the bound neurotoxin is highly mobile and does not participate in the toxin—
nAChR binding surface. Additionally, this study demonstrates the utility of time-resolved fluorescence anisotropy to characterize the

interaction of heteroproteins.
© 2005 Elsevier B.V. All rights reserved.

Keywords: a-Cobratoxin; Nicotinic acetylcholine receptor; Conformational dynamics; Time-resolved fluorescence anisotropy

1. Introduction

a-Neurotoxins have played crucial role in the pharma-
cological and structural characterization of muscle-type and
o7 neuronal nicotinic acetylcholine receptors (nAChR). In
the absence of an X-ray crystal structure, a variety of
physical approaches have been utilized for more than three
decades to delineate the structural basis for the interaction of
a-neurotoxins with the nAChR. These include chemical
cross-linking [1—-3], computer enhanced electron microsco-
py [4], fluorescence resonance energy transfer [5,6], NMR
spectroscopy [7], single-site [8], and pairwise [9] mutational
analyses and molecular simulation [10].

To contribute further to our understanding of the
interaction of a-neurotoxins with the nAChR and to assess
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the utility of time-resolved fluorescence anisotropy (TRFA)
to probe heteroprotein interactions, we prepared a small
library of a-cobratoxins, a ‘long’ a-neurotoxin, that were
selectively conjugated with fluorescein-5-isothiocyanate
(FITC) and measured the mobility of the reporter group
in each conjugate free in solution and receptor bound.
Specifically, the TRFA of FITC conjugated to the €-amino
group in Lys®®, Lys*, and Lys*’, and Lys® was measured
both free and bound to the Torpedo nAChR. Free in
solution, each site of conjugation displayed an almost
equal and high level of mobility. Receptor bound, clear
differences between the sites of conjugation were observed
with the C-terminal Lys® conjugate displaying the greatest
mobility. The results strongly suggest that the C-terminal
tail is not part of the binding surface being highly mobile
in the bound state and argues against conclusions from
recent computational docking simulation [10] and a free-
solution NMR study [7].
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2. Experimental procedures
2.1. Materials

a-Cobratoxin was isolated following the method of
Karlsson et al. [11] from Naja naja siamensis venom
(Miami Serpentarium, Salt Lake City, UT). Torpedo
californica electric rays were obtained from Marinus Inc.
(Long Beach, CA). Dansyltrimethyl-ammonium perchlorate
was acquired from Pierce Chemical Co. (Rockford, IL).
Fluorescein-5-isothiocyanate (Isomer I) was obtained from
Molecular Probes, Inc. (Eugene, OR). The procedure for
labeling a-cobratoxin with FITC and isolating derivatives
with the FITC bonded to the e-amino groups of Lys>,
Lys*, Lys*, or Lys®® of the a-cobratoxin is described
elsewhere [12]. All other reagents were at least reagent
grade.

2.2. Isolation of the membrane-associated nAChR

nAChR-associated membrane fragments were prepared
from the 7. californica electric organs following previously
described procedures [13]. The specific activity of the
receptor preparation was 4.4 nmol of suberyldicholine
binding sites/mg of total protein, determined as described
elsewhere [14].

2.3. Sample preparation

For the measurements of the emission decay properties of
the free conjugates, native a-cobratoxin (5 puM) was
incubated with nAChR-enriched membrane fragments (0.5
1M in suberyldicholine binding sites) in a buffer containing
100 mM NacCl, 10 mM NaPOy, and 0.1% triton X-100, pH
7.4 for 30 min prior to the addition of the conjugated toxin
(0.3 uM). The native a-cobratoxin was not included when
the decay properties of the nAChR-bound conjugates were
measured. This sample preparation protocol equalized and
minimized the turbidity (4 <0.05) of all the samples. Also,
given that native toxin binds with 10—100 fold higher
affinity than the conjugates [12], little or no conjugate was
specifically bound to the nAChR in the presence of native
toxin.

2.4. Time-resolved fluorescence anisotropy

Emission anisotropy was determined by time-correlated
single photon-counting with an HORIBA Jobin Yvon IBH
Ltd. (Glasgow, U.K.) 480-nm NanoLED™ flash lamp run at
1 MHz, an HORIBA Jobin Yvon IBH Ltd. model TBX-04
photon detector, and two rotatable Polaroid HNPB dichroic
film polarizers—one placed in the excitation beam path and
one in front of the photon detector. The vertically, /)(¢), and
orthogonally, 7, (), polarized emission components were
collected while samples were excited with vertically
polarized light. Excitation and emission bands were selected

with an Oriel 500-nm short-pass interference (catalog no.
59876) and a Corning 3-68 cut-on filter, respectively.
Typically, 2 x 10* peak counts were collected (in 1—2 min)
when the emission polarizer was vertically oriented. The
orthogonal emission decay profile was generated over the
same time interval used to generate the vertical emission
decay profile. Samples were held at 22 °C. To minimize
convolution artifacts, flash lamp profiles were recorded by
removing the emission filter and monitoring light scatter
from a suspension of latex beads. The data analysis software
corrected the wavelength-dependent temporal dispersion of
the photoelectrons by the photon detector. The polarization
bias ( G) of the detection instrumentation was determined by
measuring the integrated photon counts/6 x 10° lamp flashes
while the samples were excited with orthogonally polarized
light and the emission was monitored with a polarizer
oriented in the vertical and orthogonal directions
(G=1.028).

The emission anisotropy decay was analyzed with the
impulse reconvolution method implemented in the DAS6™
software package from HORIBA Jobin Yvon IBH Ltd.
(Glasgow, U.K.) described elsewhere [15]. Briefly and
simply, this approach splits the analysis into two steps—
analysis of the total emission decay, S(¢), followed by
analysis of the vertical/perpendicular difference emission
decay, D(¢). S(t), free of anisotropy effects, is given by the
expression

S(t) :]H(l)"r‘G'[J_(I) (1)

and was analyzed as a biexponential function. D(¢), which
includes both fluorescence and anisotropy parameters, is
given by the expression

D(t) = ]H (t) -G (t) (2)

D(¢) is deconvolved with the results from the S(z) analysis as
a constraint yielding

I"(l‘) =Tw+ roﬁ(bexp( - t/¢fast)
+ 7’0(1 _ﬁib)exp( - t/¢slow)' (3)

Here, r,, is the amplitude of the experimental anisotropy at
infinite time, r, is the amplitude of the anisotropy at time
zero, fyp, 1S the fraction of the anisotropy decay associated
with the fast decay processes, and ¢ is the rotational
correlation time of the anisotropy decay. The subscripts
‘fast’ and ‘slow’ denote the observable fast and slow decay
processes, respectively. A nonassociative model was
assumed, implying that the emission relaxation times are
common to all the rotational correlation times. Goodness of
fit was evaluated from the values of the reduced ¥? and by
visual inspection of the weighted-residual plots.

A technical note: The older approach of sequential fitting
the sum and difference curves [15] instead of the newer
simultaneous fitting of the vertical and horizontal decay
curves [16] was used. Our experience is that both
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approaches work and no comparison has been published
favoring one over the other. For time-domain data, the
commercial sum—difference software more rapidly fits and
plots the data than the noncommercial globals program;
consequently, the sum—difference approach was utilized for
the work described here.

3. Results
3.1. Purity of the FITC—toxin derivatives

The conjugates studied were at least 97% pure based
upon the observation that only a single fluorescence spot
was detected for each conjugate following analytical
isoelectric focusing and illumination with a mineral lamp.
Additionally, as we previously reported, each toxin binds
with high affinity to the Torpedo nAChR, K4’s range
between 0.2 nM and 3.2 nM [13]. Moreover, neither the
conjugation nor nAChR binding greatly affected the
emission maxima, which ranged between 517 nm and 520
nm for the free conjugates and between 519 nm and 522 nm
for the nAChR-bound conjugates [12].

3.2. Emission decay

The initial step of the anisotropy decay analysis involved
least-squares re-convolution fits to a biexponential decay
expression of the total fluorescence decay records. For
brevity, only the quantum-yield weighted fluorescence
lifetimes are summarized in Table 1 and an example of
the total fluorescence decay (sum) of Lys* conjugate is
illustrated in Fig. 1. The quantum-yield weighted fluores-
cence lifetimes ranged between 2.2 ns and 3.6 ns when the
toxins were free in solution and between 2.7 ns and 3.4 ns
when nAChR-bound. Please note that we previously
reported observing only a single emission lifetime for each
conjugate using a less stable and longer duration hydrogen-
arc flash lamp (1.0 ns versus 3.2 ns) [6].
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Fig. 1. Sum and difference decays of FITC—toxin conjugated at Lys.
Lower panel: Smooth line through each decay were generated with best fit
parameters of a biexponential expression (Eq. (3)). Dashed inverted U-
shaped curve represents the time course of the flash-lamp profile. Upper
panel: Sum (dashed line) and difference (solid) residuals for both fits.

The relative changes in lifetimes paralleled what was
previously reported for the binding-dependent changes in
steady-state emission; however, the magnitudes of these
changes were generally less when lifetimes were measured
(Table 1). For example, the steady-state emission of the
Lys* conjugate increased 96% upon nAChR binding while
the quantum-weighted fluorescence lifetimes increased only
23% (comparison of results in Table 1 with Table 2 in Ref.
[12]. This suggests differences in binding-dependent static
and dynamic quenching. We assumed that these changes in
static and dynamic quenching would not affect the
anisotropy analysis. Consistent with this assumption are

Table 1
Time-resolved anisotropy decay parameters and quantum-yield weighted fluorescence lifetimes of the site-specifically labeled a-cobratoxins free and bound to
the nAChR
Toxin conjugate Condition 2 ro [ b past (0S) Dslow (18) e <t>° (ns) IIt
FITC—Lys™ —Toxin Free 0.30+0.04 - 0.42£0.09 0.6£0.4 44115 1.2£0.1 22:0.1

Bound 0.29+0.01 0.21+0.01 0.29+0.02 3.0+0.3 s 1.0+0.2 2.7+0.1 1.96
FITC-Lys>*—Toxin Free 0.29+0.01 - 0.38+0.15 1.0+0.4 55432 1.0+0.1 3.4+0.1

Bound 0.33+0.04 0.20+0.03 0.39+0.03 2.7+0.1 o 1.0£0.1 3.1+0.1 0.61
FITC—Lys49—T0xin Free 0.28+0.02 - 0.48+0.03 0.7£0.1 5.7+0.5 1.0£0.1 3.0£0.1

Bound 0.34+0.03 0.23+0.03 0.31+0.02 2.7+0.4 0 1.0+0.2 3.1+0.1 0.94
FITC—Lys® —Toxin Free 0.27+0.01 - 0.30£0.06 0.9£0.2 4.6£1.7 1.0£0.1 3.6+0.1

Bound 0.26+0.02 0.14+0.02 0.47£0.03 22402 0 0.9+0.1 3.3+0.1 0.74

# Time-zero (#=0) anisotropy.
® Residual anisotropy (¢=00).

¢ Fractional anisotropy decay associated with the fast decay processes.

4 Reduced Y of the anisotropy decay analysis.
¢ Quantun-yield weighted fluorescence lifetime in which <t>=3a;7; and where 7; is the ith lifetime and the sum of the preexponential terms Y a;=1.

f Fractional change in steady-state emission associated with nAChR binding (values from Ref. [12]).
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the facts that neither negative preexponential intensity
fitting parameters (data not shown) nor inverted U-shaped
anisotropy decay profiles were observed with any of the
toxin conjugates.

3.3. Anisotropy decay of free FITC—a-cobratoxins

In situations where the reporter group is largely
unhindered at the end of a tether on the surface of a
relatively structured globular protein (>40 kDa), the fs—ps
local tether-arm, the very low nanosecond o-carbonyl
backbone, and the low nanosecond whole-body depolariza-
tion processes can usually be resolved from one another
[17]. The tether-arm fluctuations are observed as a time-zero
anisotropy (7,) value that is lower than the fundamental
(immobile) anisotropy. The local backbone fluctuations and
whole-body rotational diffusion are represented by the fast
and slow correlation times of a biexponential decay
expression. With this in mind, free in solution, all the
FITC—toxins display very similar anisotropy decay para-
meters (Table 1). With all the fitting parameters floating
except 7, (fixed at zero), the anisotropy decay profiles (Fig.
2A) were well fit to a biexponential function (Eq. (3)). The
slow rotational correlation times, ¢, ranged between 4.4
ns and 5.7 ns, which are very close to the harmonic mean
correlation time (5.2 ns) predicted from the X-ray coordi-
nates of the a-cobratoxin (PDB code: 2ctx.pdb) with the
HYDROPRO.EXE program that utilizes bead-model meth-
odologies to calculate hydrodynamic properties [18]. The
fractional amplitudes, f,,, and fast rotational correlation
times, ¢, of the various labeled toxins overlapped each
other and ranged between 0.30-0.42 and 0.6—1.0 ns,
respectively.

Because the calculated values of the fast correlation
times were close to the value of free fluorescein (~0.3 ns;
data not shown), it suggested that the torsional tether-arm
fluctuations might not be resolved from the backbone
fluctuations around each conjugated residue. Consequently,
the data were refit to a biexponential function (Eq. (3)) with
r, fixed at the value of the fundamental anisotropy of
fluorescein (0.35) and again r,, fixed at zero. This modified
fitting protocol yielded ¥? values and weighted-residual
plots that were very comparable to that observed with r,
floating (data not shown). Additionally, while the ¢y
values were unaffected by changing the fitting protocol, the
values of the £, terms were increased and the ¢y, values
were decreased somewhat ranging between 0.47—0.57 and
0.3-0.5 ns, respectively. The effect of modifying the fitting
protocol on the fitting parameters clearly indicates a greater
uncertainty in the fy;, and ¢ values than suggested by the
error terms in Table 1. This is probably due to the cross
correlation of the fitting parameters. With this said, even
with higher uncertainty in the f,;, and ¢, values, the results
still indicate significant and comparable level of torsional
and/or segmental mobility for each site of conjugation of the
FITC—toxins free in solution.
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Fig. 2. Time-resolved anisotropy decay of free (upper panel) and nAChR-
bound (lower panel) FITC—toxins. The smooth line through each decay
was generated with best fit parameters (Table 1) for either biexponential
(Eq. (3)) with r,,=0 (upper panel) or monoexponential with r,,>0 (lower
panel) nonassociative decay model. Dashed inverted U-shaped curve
represents the time course of the flash-lamp profile.

3.4. Anisotropy decay of nAChR-bound
FITC—o-cobratoxins

Receptor binding affected the anisotropy decay in
primarily three ways:

First, the anisotropy decay profiles shifted from biexpo-
nential functions decaying to zero (r,,=0) to monoexpo-
nential functions with residual anisotropy values (r,,>0)
(Fig. 2B; Table 1). The appearance of residual anisotropy
most likely results from the dramatic decrease in the whole-
body rotational diffusion of the ~ 8 kDa a-cobratoxins upon
binding the 250+ kDa nAChR.

Second, the experimental r, values of the Lys’> and
Lys* conjugates increased and approached the fundamental
(immobile) anisotropy value of fluorescein (0.35) suggest-
ing increased hindrance of the tether-arm moments (Table
1). This suggests at least a partial sandwiching of the
reporter groups between the toxin and the receptor that
occurs, which will lead to a merging of the rates of tether-
arm torsional motions with local backbone fluctuations
around Lys> and Lys*. The r, values of the Lys* and
Lys®® conjugates, on the other hand, were basically



D.A. Johnson / Biophysical Chemistry 116 (2005) 213—218 217

unchanged by nAChR binding (Table 1) strongly suggesting
no binding-dependent hindrance of tether-arm movement
and thus no sandwiching of reporter group between toxin
and receptor.

Finally, the fast rotational correlation times of all the
conjugates increased upon binding (Table 1). While the
interpretation of the changes in the rate of the fast
depolarization processes for the Lys*> and Lys*’ conjugates
is complicated by the apparent merging of rates of tether-
arm and backbone movements, the combined averaged
tether-arm and backbone motions of the Lys®> and Lys*’
conjugates indicate substantial range of motions. This is
seen by assuming strict diffusion-in-cone and using the
formulations of Kinosita et al. [19] which yield estimated
conical semiangles of 32° for the Lys® conjugate and 28°
for the Lys* conjugate when nAChR-bound.

For the for the Lys* and Lys® conjugates, there was no
apparent merging of rates of tether-arm and backbone
motions. The ¢, values increased from 0.6 ns to 3.0 ns for
the Lys* conjugate and from 0.9 ns to 2.2 ns for the Lys®’
conjugate (Table 1). This suggests some binding-dependent
stabilization of backbone movements around the Lys** and
Lys®® residues. If stabilization is occurring, it is much
greater around Lys>> than Lys®®, because the fy;, value of the
Lys? conjugate decreased from 0.42 ns to 0.29 ns, while
that of the Lys® conjugate increased from 0.30 to 0.47 ns
(Table 1). Assuming this as strict diffusion-in-cone, the
semiangle of the conical motions for Lys* decreased from
34° to 27° and for Lys®® increased from 28° to 36° upon
binding. Given that Lys® is part of the C-terminal tail
(residues 63—71) and is not stabilized by disulfide bonds
like most of the toxin residues, the above results indicate
that the C-terminus is unconstrained in the receptor-bound
state and is therefore not a significant part of the toxin-
receptor binding surface.

As a technical note, the nAChR-bound data were also fit
with the r, values fixed at 0.35, and although 2 values
were comparable to that observed with r, floating, the
weighted-residual plots were not randomly distributed
indicating poorer fits (data not shown). Consequently, only
the results of the r,-floating protocol are reported here.

4. Discussion

Here, we report that the C-terminus of a ‘long’ -
neurotoxin, a-cobratoxin, is highly mobile while bound to
the Torpedo nAChR using a combination of site-specific
labeling and time-resolved fluorescence anisotropy. This
strongly suggests that the C-terminus of the toxin does not
play a significant role in the toxin—nAChR binding surface.
Arguing against this conclusion are the findings of a recent
computational docking study of a-cobratoxin binding to the
o7 nAChR [10] and a free-solution NMR study of a 1:1
complex of a-bungarotoxin and a 18-mer fragment of the o
subunit of the Torpedo nAChR [7]. The computation

docking analysis utilized the static crystal structure of the
toxin and a static homology model of the &7 nAChR based
on the X-ray crystal structure of snail acetylcholine binding
protein to ascertain the toxin—receptor binding surfaces. At
best, this approach yields approximate ligand—target models
of the interacting surfaces. With regard to the free-solution
NMR approach, the concentration of the toxin-peptide
complex was 1.5-2.0 mM. At this concentration and with
an unconstrained peptide, the binding time of weakly
interacting moieties is greatly enhanced giving the impres-
sion that these interactions are significant at physiologically
relevant concentrations. These studies thus represent equiv-
ocal support for involvement of the C-terminus of ‘long” o-
neurotoxins in their interaction with the nAChR.

Consistent with our conclusion is the fact that FITC
conjugation only decreases the affinity of the Lys®’
conjugate toward the nAChR by a factor of 10 while the
conjugation of Lys>, Lys®, and Lys*’ decreases the affinity
by factors that ranged between 105 and 160 [13]. Moreover,
there is no evidence that the extended C-terminal tail of
virtually all ‘long’ «a-neurotoxins increases the binding
energy. Both ‘long’ and ‘short’ a-neurotoxins bind with
about equal affinity to the Torpedo nAChR (5.7—
8.2x 107 '° M) [20].

Beyond the narrow focus of this work, this study
demonstrates the utility of time-resolved fluorescence
anisotropy to analyze the interaction of heteroproteins.
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