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ABSTRACT. The three-fingeredi-neurotoxins have played a pivotal role in elucidating the structure and
function of the muscle-type and neuronal nicotinic acetylcholine receptors (NnAChRs). To advance our
understanding of the-neurotoxin-nAChR interaction, we examined the flexibility afneurotoxin bound

to the acetylcholine-binding protein (AChBP), which shares structural similarity and sequence identities
with the extracellular domain of nAChRs. Because the crystal structure obifisebratoxin molecules

bound to AChBP shows the toxins projecting radially like propeller “blades” from the perimeter of the
donut-shaped AChBP, the toxin molecules should increase the frictional resistance and thereby alter the
hydrodynamic properties of the complex-Bungarotoxin binding had little effect on the frictional
coefficients of AChBP measured by analytical ultracentrifugation, suggesting that the bound toxins are
flexible. To support this conclusion, we measured the anisotropy decay of four site-specifically labeled
o-cobratoxins (conjugated at positions B4 ys®, Lys*, and Ly$% bound to AChBP and free in solution

and compared their anisotropy decay properties with fluorescently labeled cysteine mutants of AChBP.
The results indicated that the core of the toxin molecule is relatively flexible when bound to AChBP.
When hydrodynamic and anisotropy decay analyses are taken together, they establish that only one face
of the second loop of the-neurotoxin is immobilized significantly by its binding. The results indicate

that bounda-neurotoxin is not rigidly oriented on the surface of AChBP but rather exhibits segmental
motion by virtue of flexibility in its fingerlike structure.

Nicotinic acetylcholine receptors (nAChRs)e prototypic Our understanding of the structure and function of NAChRs
members of the Cys-loop superfamily of pentameric ligand- in particular and ligand-gated ion channels in general has
gated ion channels, so named by a conserved disulfidebeen greatly facilitated by studies of the muscle-type nAChR
linkage in the extracellular domain of the receptdis Other and snake venonm-neurotoxins fromElapidae species,
members of this family include the GABAGABA, 5-HTs, which display high specificity for muscle-type nAChRY.(
and glycine receptors. NAChRs are responsible for fast a-Bungarotoxin, a member of this family of over 100
neurotransmission via acetylcholine-induced cation perme- a-neurotoxins, enabled the first isolation and characterization
ability at the skeletal neuromuscular junction, as well as at of a nAChR @). Other Elapidae a-neurotoxins have also
ganglionic and central nervous system synapses. Variousbeen of great value in the identification aimdsitu localiza-
subtypes of NAChRs are defined by the subunit composition tion of NAChRs 4). Structurally,o-neurotoxins consist of a
of the homo- or heteropentameric subunit assemblies; ligandcore region from which three loops extend outward like
specificity is governed by binding determinants at the subunit fingers from a hand. The secondary structure consists of two
interface. antiparallels-sheets, one of which is a three-strangesheet
with two strands associated with the central finger (loop II).

' Supported by R37-GM18360 to P.T., IBN-9515330 to D.A.J., and Fynctionally, then-neurotoxins are defined by their ability
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nicotinic acetylcholine receptor; FITC, fluorescein isothiocyanate; MTS-  Recently, the crystal structure for the acetylcholine-binding
EDANS, N-(methanethiosulfonylethylcarboxamidoethyl)-5-naphthyl-  protein (AChBP), a valuable structurdl, 6) and functional

amine-1-sulfonic acid; MTS-FI, 2-[(5-fluoresceinyl)aminocarbonyl]ethyl icatini i _bindi i
methanethiosulfonate; SBPAGE, sodium dodecyl sulfatgolyacryl- (6) surrogate of the nicotinic receptor ligand-binding domain,

amide gel electrophoresis; GnTIN-acetylglucosaminyltransferase | complgxed witho-cobratoxin, was solved at 4.2 A resowti(_)n
deficient cell line. (7). This structure complemented longstanding biochemical,
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mutagenesis, and structure-based modeling studiesrmu-
rotoxin binding to nAChRs §-12) and suggested new,
unpredicted atomic interactions of the toxin with the receptor.

To advance our understanding of the interaction of
o-neurotoxins with nicotinic receptors, we examined the
conformational flexibility ofe-neurotoxins bound to AChBP,
focusing on the orthologous peptidescobratoxin and
a-bungarotoxin. Because the crystal structure of fiveo-
bratoxin molecules bound to AChBP shows the toxins
projecting radially, like propeller “blades”, from the outer
perimeter of the cylindrical AChBP, we reasoned that, if the
“blades” were rigid, they should dramatically increase the
hydrodynamic, frictional drag or resistance of thaeuro-
toxin—AChBP complex. Hydrodynamic properties of deter-
gent-solubilized receptors frofforpedohave been studied
(13); however, by examining only the extracellular domain
of this protein family, the subunit size falls in a range where
bound a-neurotoxin molecules should influence hydrody-
namic characteristics.

The diffusion and frictional coefficients of the-neuro-
toxin-bound and unliganded AChBP were measured using
analytical ultracentrifugation. We found thatneurotoxin
binding had little effect on the frictional coefficients,
revealing a minimal apparent difference in dimensional
asymmetry between AChBP and its toxin complex. This
suggested a significant level of flexibility of the bound
a-neurotoxin in the time domain of translational diffusion
of AChBP. To confirm independently the flexibility of the
bounda-neurotoxins, we measured the anisotropy decay of
four site-specifically FITC (fluorescein isothiocyanate)-
labeleda-cobratoxins bound to AChBP and free in solution
and compared their decays to those of fluorescently labeled
cysteine mutants of AChBP. The results indicate that the
internal core and most finger residue positions of the toxin
molecule are relatively flexible when bound to AChBP.

MATERIALS AND METHODS

Ligands and Labeling Reagents.-Bungarotoxin was
purchased from SigmaAldrich (St. Louis, MO). [*4]-a-
Bungarotoxin (specific activity: 130 Ci/mmol) was a product
of Perkin—Elmer Life Sciences, Inc. (Wellesley, MA).
a-Cobratoxin was isolated as previously described from the
venom ofNaja naja siamensigMiami Serpentarium, Salt
Lake City, UT) @4). 2-[(5-Fluoresceinyl)aminocarbonyl]-
ethyl methanethiosulfonate (MTS-FI) atd(methanethio-
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Ficure 1: Chemical structures of fluorescent probes used in protein
labeling. FITC was conjugated to lysine residuestiinobratoxin,
MTS-fluorescein, and MTS-EDANS to cysteine residues in AChBP
for anisotropy decay analysis.

HiC-§-S
o

AChBP cDNA was also transfected and stably selected in
an HEK 293 cell line deficient in th&l-acetylglucosami-
nyltransferase | gene (“GnTlcells”), which should result
in homogeneous glycosylation of limited oligosaccharide
length (L7, 18). The expression vector for AChBP differed
slightly in the GnTT cell line in that the construct contained
a 1xNH,-terminal FLAG epitope and no COOH-terminal
tag. AChBP was purified from the tissue culture medium
by adsorption onto an-FLAG antibody column and elution
with the FLAG peptide as previously describdd), Purity
and assembly of subunits as a pentamer were assessed by
SDS-PAGE and fast protein liquid chromatography.
Fluorophore Labeling. Four site-specifically FITC-
conjugatedx-cobratoxins, labeled at positions of 1254 ys®,
Lys*, and Ly$°, were prepared as previously describ&g) (
MTS-FI and MTS-EDANS labeling of two cysteine-
substituted AChBPs at positions N158C and D194C was
carried out in a 10@L volume containing 2tM AChBP
(subunit or binding site concentration) and a4 fluoro-
phore in 50 mM Tris-HCI, 150 mM NaCl, and 0.02% NaN
at pH 7.4. Labeling reactions ran for 90 min at room-
temperature shielded from light, after which free fluorophore
was removed by buffer exchangex(22 mL washes) into
0.1 M NaPQ at pH 7.0 in Centricon YM-30 spin columns
(Millipore, Billerica, MA). Specific labeling was assessed

sulfonylethylcarboxamidoethyl)-5-naphthylamine-1-sulfon- by a comparison of fluorophore emission from the labeled
ic acid (MTS-EDANS, Figure 1) were purchased from mutant with that of a sample of wt-AChBP that was labeled
Toronto Research Chemicals, Inc. (Ontario, Canada). All in parallel with the mutant, after standardization to the protein
other chemicals were of the highest grade commercially concentration by the Bradford assay. In all cases, nonspecific
available. labeling was <5%. Stoichiometry of labeling for each
Expression, Mutagenesis, and Purification of AChBP. preparation was estimated from a comparison of the fluo-
Wild-type AChBP fromLymnaea stagnalisvas expressed  rophore concentration (absorbance at 340 nm for MTS-
from a cDNA synthesized from oligonucleotides selected for EDANS; extinction coefficient~5700 M™* cm™, and at
mammalian codon usage, as previously describEs). ( 496 nm for MTS-4-fluorescein; extinction coefficient, 85 000
Briefly, the cDNA was inserted into a p&LAG-CMV-9 M~*cm™%) and the protein concentration (by absorbance at
expression vector (Sigma) containing a preprotrypsin leader280 nm; extinction coefficient, 268 000 ™M cm™). Stoi-
peptide followed by an Nkterminal 3xFLAG epitope. A chiometry of subunit labeling in each mutant preparation
COOH-terminal 6-histidine tag was attached for radioli- ranged between 20 and 25%.
gand-binding assays. Stable cell lines of single cysteine Mass SpectrometryMatrix-assisted laser desorption/
mutants of AChBP were generated as previously describedionization—time-of-flight mass spectrometry was performed
(16). For protein used in the hydrodynamic assays, wt- on a PE Biosystems Voyager DE-STR instrument (Framing-
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3)

andM is the molecular weight of the protei¥,is the partial
specific volume of the proteiry is the density of protein in
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ham, MA). Purified recombinant AChBPs at 2 mg/mL in
60% acetonitrile and 0.1% (v/v) trifluoroacetic acid were
mixed 1:1 with a matrix of 10 mg/mL saturated sinapinic
acid (3,5-dimethoxy-4-hydroxycinnamic acid) dissolved in
50% acetonitrile and 0.1% trlfluorc_)ace_tlc acid at p_H_ 2.2. glcn?, Na equals 6.0 1073, andy is the solution viscosity.

Droplets (1uL) of the AChBP/matrix mixture, containing  gqr our analysisM was determined by mass spectrometry
approximately 6 pmol of protein, were spotted and dried by andV, p, andy were calculated on the basis of the amino

§Iow evaporation. Mass spectra were collected using _theacid content with the Sednterp computer program. Fican
linear mode, and external calibration was performed using gitfysion constanD can be calculated with the expression
yeast enolase proteif-( and+2 monomemyz species) and

horse skeletal apomyoglobif-{ monomenz). kT
Analytical UltracentrifugationSedimentation equilibrium D= f

and velocity experiments were conducted at°@0using a

Beckman Optima XL-1 analytical ultracentrifuge equipped wherek equals 1.38x 10716 erg x deg® and T is the

with absorbance optics at 280 nm and an An60Ti rotor. absolute temperatur@Z?).

where ro = (3MV/47N,)*?

(4)

Sedimentation equilibrium experiments were performed with
protein solutions of 20@g/mL centrifuged at 8, 10, and 12

Radioligand-Binding AssaysA scintillation proximity
assay (SPA, Amersham Biosciences) was adapted for use

krpm, in charcoal-filled Epon 6 channel centerpieces loaded in a soluble radioligand-binding assahgj. Briefly, AChBP

with 110 uL of sample and 12xL of reference buffer (50
mM Tris-HCI, 150 mM NacCl, and 0.02% Nahat pH 7.4).

(0.5 nM binding sites) was incubated with 20 nN¥]-
labeleda-bungarotoxin in a solution of 0.1 mg/mL anti-His

Individual samples were centrifuged for 16 h at each speed SPA beads, and FITC-labeledcobratoxin was added in
with an absorbance scan conducted every 2 h. Data wereincreasing concentrations. Binding data were fit to a one-
collected in step mode with a spacing of 0.001 cm. Values site competition model using the Prism 4 computer program
presented are an average of at least three absorbance scaf&raphPad Software, Inc.). All radioligand binding data are
at each speed. Equilibrium was achieved as judged by aaverages of at least three replicate experiments.
comparison of overlays of three subsequent absorbance scans. Time-Resaled Fluorescence Anisotrop¥mission ani-
The partial specific volume of the AChBPs was calculated sotropy was determined by time-correlated single-photon
using the Sednterp computer program (version 1.07, Hayes,counting with an HORIBA Jobin Yvon IBH Ltd. (Glasgow,
Laue, Philo, University of New Hampshire, 2002) to be 0.71 U.K.) 470-nm NanoLED laser (with FITC of MTS-FI
with no ligand present and witl-bungarotoxin bound. The  conjugates) or a 375-nm NanoLED laser (with the MTS-
ligand was added to achieve a slight excess of binding EDANS conjugate) run at 1 MHz, an HORIBA Jobin Yvon
stoichiometry (1.2 molecules of ligand/binding site). Stoi- IBH Ltd. model TBX-04 photon detector, a rotatable Glan
chiometry ofa-neurotoxin binding to AChBP was demon- Thomson polarizer placed in the path of the excitation beam,
strated previously using SDSAGE (7). and a rotatable Polaroid HNdichroic film polarizer placed
Sedimentation velocity experiments were performed at in front of the photon detector. A depolarizing filter was also
30 000 rpm in charcoal-filled Epon double-sector center- placed between the emission polarizer and photon detector
pieces loaded with 400L of sample (20Qug/mL) and 425 to minimize the polarization bias of the photon detector.
uL of reference buffer (as above). Migration rates were Vertically, I(t), and orthogonallyl-(t), polarized emission
monitored in a continuous scan mode and were analyzedcomponents were collected at 22, while the samples were
using the DCDH- computer program (version 1.16, Philo). excited with vertically polarized light. For FITC and MTS-
The reported weight-averaged sedimentation coefficients Fl, excitation and emission bands were selected with Omega

(Sow) Obtained from DCDF- are calculated by a weighted 470DF35 and Omega 510DF23 filters, respectively. For
integration over the entire range of sedimentation coefficients MTS-EDANS, excitation and emission bands were selected

covered by they(s) distribution Q0) and corrected for the
solution density and viscositp(). Sedimentation data were

with Corning 4-70 interference and Oriel 470 nm cuton
filters, respectively. Typically, 46 x 10* peak counts were

collected on samples at two concentrations (0.2 A units and collected (in 2 min) with the emission polarizer oriented

0.4 A units), and a concentration dependencs wias not
observed (data not shown).

vertically. The orthogonal emission decay profile was
generated over the same time interval. To minimize convolu-

From an experimentally determined sedimentation coef- tion artifacts, laser profiles were recorded by removing the

ficient (s), the apparent frictional coefficient can be
calculated with the expression

_M@- Vp)

f NS

1)

and a frictional coefficient ratié/'fo equal to the Perrin shape
factor ), wheref, is a theoretical minimum frictional
coefficient for a nonhydrated sphere of a given molecular
weight

fo = 6aznprg (@)

emission filter and monitoring light scatter from a suspension
of latex beads. The data analysis software corrected for the
wavelength-dependent temporal dispersion of the photoelec-
trons by the photon detector. The polarization bi@$ ¢f
the detection instrumentation was determined by measuring
the integrated photon counts6 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 directionG gquals 1.015).
Unless stated otherwise, emission anisotropy decay was
analyzed with the impulse reconvolution method imple-
mented in the DAS6 software package from HORIBA Jobin
Yvon IBH Ltd. (Glasgow, U.K.) described elsewhef23).
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Briefly and simply, this approach splits the analysis into two
steps: analysis of the total emission dec&f), followed

by analysis of the vertical/perpendicular difference emission
decay,D(t). t), free of anisotropy effects, is given by the
expression

o
in
L

o) = 1() + Gl()) (5)

and was analyzed as a bi-exponential functio(t), which
includes both fluorescence and anisotropy parameters, is
given by the expression

D() = 1,() ~ GI(t) ©)

g 2  Absorbance
1

D(t) is deconvolved with the results from tigt) analysis
as a constraint yielding B Lane

r(t) = ﬁlexp(—tld)fasa + ﬁzexp(_t/¢slow) (7) 45 kDa s 1 2

Here,; andp, are the amplitudes of the anisotropy at time
0 for the fast and slow anisotropy decay processes, respec-

tively. ¢rnst and ¢son are the fast and slow rotational —
correlation times of the anisotropy decay, respectively. A
nonassociative model was assumed, where the emission

relaxation times are common to all of the rotational correla- 30 kDa s N—
tion times. Goodness of fit was evaluated from the values

of the reduceg? and by visual inspection of the weighted- FIGURE 2: Characterization of AChBP by sedimentation and gel
residual plots. electrophoresis. (A) Sedimentation equilibrium of AChBP from

HEK 293 cells witha-bungarotoxin present. Samples of 144/
RESULTS mL AChBP and a 1.2 molar excess @fbungarotoxin (in 50 mM
Tris-HCl and 150 mM NaCl at pH 7.4) were centrifuged at 10 000

Hydrodynamic Analyses of AChBP and tikeurotoxin rpm until a constant profile was established as determined by an
overlay of consecutive absorbance scans. These data were fit to an

Com_plex.ln Sedlmer_]tatlon equ,'“b”um (Flgurg 2A), sample equation corresponding to a molecular weight of 188 000 Da for
solutions are centrifuged until equilibrium is approached the complex. (B) SDSPAGE of the purified AChBPs from HEK
where the concentration from the centrifugal force is balanced 293 cells (lane 1) and GnTlcells (lane 2). A total of lug of
by diffusion from a concentration gradient extending in the Protein was run in each lane of a 16% polyacrylamide gel.
opposite direction. Because dimensional asymmetry of the
macromolecule affects both of these forces equally, sedi- Mmetry are monitored for molecules of established molecular
mentation equilibrium measurements provide an estimate of Weight, and the protein concentration change over the length
molecular weight independent of the volume and shape of Of the sample cell in relation to time (Figure 3) is used to
the hydrated macromolecule. Mass spectrometry was usecdietermine sedimentation, translational diffusion, and fric-
as an independent assessment of molecular weight to verifytional coefficients.
the hydrodynamic results. In all cases, measurements from We also used sedimentation velocity to monitor the effect
the two methods yielded data within 5% (Table 1). of a-bungarotoxin (Figure 4) binding on the macromolecular
To serve as an internal control, AChBP produced in a HEK translational diffusion parameters of AChBP. Binding of five
293 cell line deficient in the glycosylation-processing 8-kD toxin molecules to AChBP slightly increased the
enzymeN-acetylglucosaminyltransferase | (GnJ,lwas also ~ sedimentation coefficient from 6.9 to 8.1 S (Table 1). A
examined by mass spectrometry and analytical ultracentrifu- similar small increase from bound-neurotoxin was ob-
gation. The corresponding molecular-weight difference be- served in the sedimentation coefficient for the differentially
tween this protein species and that produced in standard HEKglycosylated AChBPs. The diffusion coefficients associated
293 cells can be attributed to the mass difference in the with AChBP from GnTt cells were slightly higher than for
conjugated affinity tags and the oligosaccharide trimming the heavily glycosylated form, consistent with a trimming
to 5 mannose residues and\2acetylglucosamine residues of an extended and presumably more heterogeneous oli-
per AChBP subunit derived from GnTIHEK cells (18). gosaccharide as well as the histidine tag. Notably, there was
The respective mass differences areFRAG plus 6x His no significant change in the frictional coefficient rafify
in the standard protein species, versusLAG, 12 800 Da, upona-neurotoxin binding to either species of AChBP. As
and the absence of oligosaccharide processing, 6800 Da irn internal control, parallel hydrodynamic experiments were
the glycosylation-processing-deficient species. Differences performed usingx-cobratoxin, and indistinguishable sedi-
in molecular weight and the mass uniformity of the trimmed mentation parameters were obtained (data not shown).
oligosaccharide structure are qualitatively evident upon SDS Binding of the high-affinity agonist epibatidine (MW of 209
gel electrophoresis (Figure 2B). D) had no detectable effect on the sedimentation parameters.
Sedimentation velocity measurements were used to mea- Fluorescence Anisotropyo examine more directly the
sure the effect of ligand binding on the overall volume and flexibility of the bounda-neurotoxin, time-resolved aniso-
shape of AChBP. Here, differences in dimensional asym- tropy decay of reporter groups specifically conjugated to sites
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Table 1: Experimentally Determined Sedimentation Paranfeters

MW by mass spectrometty MW by sedimentation equilibrium  S(x1073s) D (cn¥/s) fifo
apo 151 945 151 000 6.9 3.9 1.5
+ epibatidine 152 990 152 000 6.8 3.8 1.6
+ a-bungarotoxin 191 868 188 000 8.1 3.6 15
apo GnTr 130 305 127 000 6.8 4.5 1.4
+ a-bungarotoxin GnTl 170 229 164 000 8.3 4.3 1.3

@ Molecular weights were determined by mass spectrometry and sedimentation equilibrium. Sedimentation coefficients in SSgdliffugo(
constants in cfs, and frictional coefficients were determined by sedimentation velocity, using the MW determined by mass spectrbroetase
in MW upon ligand binding is the calculated sum of the apo-receptor-measured value plus the projected addition of five ligand molecules.
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Ficure 3: Sedimentation velocity of AChBP from HEK 293 cells.

less structured region near the tip of loop Il; EYss
positioned on loop IIl; and Ly8 is near the C terminus of
the toxin. For a comparison, MTS-F| was conjugated to the
sulfhydryl side chains of substituted cysteines on two AChBP
mutants (N158C and D194C). Additionally, MTS-EDANS,
a long lifetime reporter group, was conjugated to the
substituted cysteine in the D194C AChBP mutant to better
assess the averaged whole-body rotational correlation time
of the a-neurotoxin-AChBP complex. Radioligand-binding
assays on the fluorescent-cobratoxin derivatives were
performed with AChBP and showed that covalent modifica-
tion did not alter the binding parameters by more than 5-fold
(Table 2).

The anisotropy decay profiles of the FIT&Geobratoxins
free in solution were well-fit to a bi-exponential expression
(eq 7), with the slow rotational correlation timesgtw)
ranging between 3.5 and 4.5 ns (Figure 5 and Table 3). These
values are close to the value predicted by the Stekes
Einstein equation (3.2 ns) for an 8-kD spherical protein,
strongly suggesting that thiy, values reflect the average
rotational correlation time of the toxin with its modest
dimensional asymmetry28). With the exception of the
FITC-Lys? derivative, theps Values were<1 ns, indicating
a high level of mobility of the reporter groups (at s
Lys*, and Ly$° and that rates of the tether arm and local
o-carbon backbone motions around sites of conjugation
overlap one another and are irresolval@®) ( The ¢r.s value
of the FITC conjugated to L¥§ however, was significantly
greater than 1 ns (1.8 ns). With tke,. value of the FITC-
Lys?® derivative reflecting the whole-body rotational cor-

(A) Raw data taken as radial absorbance scans at 10 min intervalgelation time, theprast value for this conjugate largely reflects

with apo protein (no ligand present). (B) Analyzed valdeSEM
presented ag(s) versuss, comparing apo protein to that with

o-bungarotoxin added. The difference in the curve amplitude here
is due to a 2-fold higher concentration used for apo-protein data.

Weight-averaged sedimentation coefficiensy Were calculated

local backbone diffusional processes around?ByAll of
this indicates that the backbone motions around*i.gse
significantly less than that of the other sites of conjugation
examined, which is not surprising given the position of the

using the fitting equation described in the Materials and Methods Lys?® residue centrally located within three antiparallel

to be 6.9 and 8.1 S for apo and tlebungarotoxin complex,
respectively.

p-strands and the low thermaB) factor values of both the
main- and side-chain atoms of this residue compared to the
other lysines (Figure 4A, PDB accession code 2CTX).

on a-cobratoxin and sites of cysteine substitution on AChBP Because of the short global rotational correlation times, we
were measured free in solution and in a complexed state.were not able to resolve differences in the backbone mobility
We have previously reported that it is often possible to of the other labeling positions; however, our results with
resolve to a significant degree tether arm torsional motions position Lyg® are consistent in showing the least mobility

of the reporter groups about their linkages to thearbon  of the four lysine-labeling sites.

backbone €1 ns; very fast), local segmental mobility of the When AChBP bound, the anisotropy decay profiles of the
o-carbon backbone (low nanoseconds; fast), and globalFITC toxins were again described by a bi-exponential

rotation of the macromolecule (slow34—27). Here, FITC
was separately conjugated to tkeamino groups of four
lysines in a-cobratoxin (FITC-Ly%, FITC-Lys®, FITC-
Lys*, and FITC-Ly$®, Figure 4A). Ly is located in loop
Il in the center of three antiparall@tstrands; Ly® is in a

expression (eq 7) with thesw values of the FITC-Ly¥,
-Lys*®, and -Ly$° conjugates ranging between 17 and 25 ns
and a value of 69 ns for the FITC-L3?/xonjugate (Figure 6
and Table 3). Thepgow values of the FITC-Ly®, -Lys*,
and -Ly$® conjugates are significantly lower than what is
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FiGURE 4: Ribbon diagram of the X-ray structures @fneurotoxins and AChBP.
AverageB factors for the Ly, Lys®5, Lys*, and Ly$° residues from the X-ray coordinates are, respectively, 7.1, 16.3, 27.5, and 54.8,
with higher values corresponding to increased disordera¢Blingarotoxin [PDB accession code 11311j]. (C) Side view of the interface

of two AChBP subunits [PDB accession code 119B].(Cysteine substitutions were made at residues D194C and N158C on opposing
sides of the subunit interface and conjugated with the sulfhydryl-reactive probes, MTS-Fl and MTS-EDANS.APical (D), side (E),

and crystal lattice packing (F) views of tlecobratoxin-AChBP complex (PDB accession code 1YI5; figure adapted fronTyelNote

the interaction between the core structure of the toxin molecule with the core toxin structure in the symmetry-related molecule (arrows in
F). Thea-carbon backbone and selected side chains are shown in light gray, and disulfide bonds are shown in dark gray.

Table 2: Dissociation Constants for Binding @fNeurotoxins to 04

AChBP

Kb (nM)

a-bungarotoxin 18
o-cobratoxin 3.2
FITC-Lys?*>-a-cobratoxin 2.5+0.1
FITC-Lys**-a-cobratoxin 12.6:0.1

a Comparison of affinitiest SEM of FITC-labeleda-cobratoxins
for AChBP by radioligand-binding competition wit#?fi]-o-bunga-
rotoxin. ® Data from ref15.

o
L

~—FITC-Lys®
——FITC-Lys™
— FITC-Lys*
" FITC-Lys®

Anisotropy
(=]
[ue]

o
=

predicted by the Stoke<Einstein equation (81 ns) for a
spherical protein with a molecular mass-e190 kD or the
experimental value (142 ns) determined with a longer lifetime 0.0
reporter group (EDANS) conjugated to the surface of the

toxin-bound AChBP (described below). This disparity indi- TIME, ns

cates that the bound-toxipyow Values do not reflect solely  Ficure5: Time-resolved fluorescence anisotropy decay for FITC-
whole-body rotational processes but probably a merging of labeleda-cobratoxins free in solution.

large amplitudeo-carbon backbone fluctuations of the

AChBP-boundx-neurotoxins with rotational diffusion of the ~ 6) suggests that the rank order of mobility of the reporter
toxin—AChBP complex. The merging of the bound-toxin groups is Ly&® > Lys% > Lys®* > Lys?. Additionally, the
backbone fluctuations with whole-body diffusional processes total deconvolved amplitudes of the observable anisotropy
makes quantitative assessment of the backbone mobility ofdecay 1 + S2; Table 3) showed little or no effect from
the bounda-neurotoxins problematic, but visual inspection AChBP binding, indicating that the bound reporter group
of the time course of the anisotropy decay profiles (Figure was not immobilized between the toxin and AChBP.
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Table 3: Anisotropy Decay Parameters for FITC-Labale@obratoxin3
toxin conjugate condition B B2 Prast (NS) $siow (NS) Ve z(ns)
FITC-Lys?® free 0.04+ 0.02 0.17+ 0.02 1.8+0.2 42+0.3 1.6+0.2 25+ 0.1
bound 0.05+ 0.01 0.18+ 0.01 2.6+ 0.8 69+ 15 1.6+0.3 3.0+ 0.1
FITC-Lys®® free 0.10+ 0.02 0.13+0.01 0.1+ 0.0 3.5+ 0.2 1.4+ 0.2 3.7+ 0.2
bound 0.12+ 0.01 0.11+ 0.02 2.8+ 0.2 25+ 5 1.6+0.2 3.6+£0.1
FITC-Lys* free 0.06+ 0.02 0.16+ 0.01 0.6+ 0.1 45+ 05 2.0+ 0.2 3.1+ 0.1
bound 0.10t 0.01 0.12+ 0.01 0.8+ 0.1 17+ 2 214+0.2 2.8+0.1
FITC-Lys? free 0.06+ 0.01 0.15+ 0.01 0.5+ 0.1 4.3+ 0.7 1.7+ 0.2 3.5+ 0.1
bound 0.08t 0.01 0.14+ 0.01 1.0+ 0.1 20+ 2 224+0.6 344+ 0.1

aTo assess regional variations in toxin flexibility, anisotropy decay of free and AChBP-boundd=Eb®Bratoxins was monitored and fit to a
bi-exponential decay equation as described in the Materials and Mejhoaisd 3, are the magnitudes of the decay associated with fast and slow
processes, respectivelyast and ¢siow are the fast and slow rotational correlation times, respectiyélys the reduceg? of the anisotropy decay
analysis[#[is the amplitude-weighted average fluorescence lifetime. In all experintemisiyrotoxins were present at ., and when applicable,
AChBP was present at 02V in binding site concentration. All data are the average of at least three replicate expermstatsdard deviation.

0.4— . . : ' ined and demonstrate the high level of flexibility of much
) FI-D194C + Tx of the AChBP-boundx-neurotoxin.
/ To obtain a more accurate measure of the averaged whole-
0.3 | body rotational correlation time af-neurotoxin-bound and

free AChBP, the D194C AChBP mutant was conjugated with
MTS-EDANS, whose longest emission lifetime~420 ns.

The anisotropy decay of this conjugate was measured in the
presence and absence of excegsxin (Table 4 and Figure

7). In the absence af-neurotoxin, it was possible to fit the
anisotropy decay by using the impulse reconvolution method

0.2+

Anisotropy

TC-Lys*'s AGKBF -

o1 E discussed in the Materials and Methods, which yielded.a
i value of 124 ns. Wheno-neurotoxin was bound, the
!’i,:*-. Lamp anisotropy increased slightly during the initial 0.6 ns and
0.0 0 5 10 15 20 then decreased almost mono-exponentially. Consequently,
TIME, ns for this sample, the anisotropy decay was fit to eq 7 without

impulse reconvolution utilizing the data points starting just
after the end of the lamp pulsé=< 0.8 ns), which yielded

a ¢siow Value of 142 ns, a 15% increase of the value of apo-
AChBP.

Ficure 6: Comparison of the time-resolved fluorescence anisotropy
decay for AChBP-bound FITC-labeled-cobratoxins with Fl-
N158C-AChBP and FI-D194C-AChBP complexed witFbunga-
rotoxin.

To support our interpretation of the fagio. values for DISCUSSION

the AChBP-bound FITC-Ly%, -Lys*, and -Ly$° conjugates, _ o _ .

the anisotropy decay of fluorescein conjugated to two sites Hydrodynamic Characteristics of an Oligomeric Pore
on the surface ofi-toxin-bound AChBP (FI-N158C and FI- Protein. The unique structure of AChBP as a homomeric
D194C) were measured and compared to that of the AChBP-Pentamer with aCs, axis of symmetry 0) protruding
bound FITCe-neurotoxins. The anisotropy decay of the FI- through what serves as an open vestibule in the nAGIR (-
AChBP conjugates was measured in the absence andPresents some new considerations in the hydrodynamic
presence of a stoichiometric excessosheurotoxin (Table ~ @nalysis of oligomeric proteins. Comparable tabulafiéd

4 and Figure 7). Similar to the FIT@-neurotoxins, the  Values for prolate and oblate ellipsoids yield axial ratios
anisotropy decay profiles of the FI-N158C and FI-D194C between 6 and 1(8@), a dimensional asymmetry far greater
mutants were well-fit to an expression for bi-exponential than one would estimate based simply on dimensions from
decay (eq 7) The presence of exces.ﬂeurotoxin was the CI‘ySta| structure Of the Cyllndl’lcal pentamer (62 A n
associated with significant changes in virtually all of the length and 80 A'in diameter). One conclusion is that the
anisotropy decay parameters (Table 4), indicating that the €xpanded hydrodynamic radius due to structured water in
a-toxin binds to the conjugated AChBP mutants. Focusing the central vestibule contributes significantly to the frictional
on the rotational correlation times of the slow depolarization drag that the AChBP pentamer experiences in translational
processes, thégo, values of the FI-N158C and FI-D194C diffusion. In high resolution X-ray structures of AChBP, one
conjugates ranged between 86 and 156 ns, which areobserves symmetrically structured water molecules at the
substantially greater than the comparable values of thenarrow portion of the vestibule that could form a constriction

AChBP-bound FITC-LYy®, -Lys*, and -Ly$® conjugates
(range between 17 and 25 ns). Theo.w Vvalue for the
AChBP-bound FITC-Ly® conjugate was intermediate in

point for ion flow in the full-length receptor3@—35).

As an initial approximation of molecular dimensions,
AChBP might be considered in terms of two concentric

magnitude (69 ns) between the other FITC and Fl conjugatescylinders. The inner cylinder would define the volume and
as described above. Relative to the sites of Fl conjugationsurface area of the internal vestibule, whereas the outer

on AChBP, three of the four sites of FITC conjugation (Bys
Lys*, and Ly$°) on the AChBP-bound:-neurotoxin were
dramatically more flexible than AChBP-surface sites exam-

cylindrical surface area would define the external solvent
exposure. The volume difference between the two cylinders
is where the protein mass lies. With an averaged vestibule
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Table 4: Anisotropy Decay Parameters for MTS-FI- and MTS-EDANS-Labeled AEhBP

AChBP construct ligand B B2 Prast (NS) $siow (NS) 1 GO
FI-N158C none 0.06- 0.01 0.18+ 0.02 3.0+ 0.5 90+ 19 1.7+ 0.2 3.5+0.1
o-bungarotoxin 0.03:0.01 0.24+ 0.01 6.2+ 0.3 156+ 14 2.3+0.3 3.8+0.1
FI-D194C none 0.050.02 0.214 0.02 54+ 1.4 76+ 16 2.0+ 0.3 3.0+ 0.1
o-bungarotoxin 0.030.01 0.264+ 0.02 3.7 0.2 86+ 14 1.9+ 0.7 3.1+£0.1
EDANS-D194C none 0.02 0.01 0.28+ 0.01 15.0+£ 4.0 124+ 12 1.0+ 0.2 17.0+0.1
a-bungarotoxif 0.01+ 0.00 0.27+ 0.01 4.4+ 0.8 1424+ 14 1.0+ 0.1 16.8+ 0.2

aTo assess regional variationsanacarbon backbone flexibility of AChBR: a-neurotoxin, anisotropy decays of MTS-Fl-labeled AChBPs were
monitored and fit to a bi-exponential decay equation as described in the Materials and Methods. The same approach was taken with MTS-EDANS-
labeled AChBP to better estimate the effeciefoxin binding on the rotational correlation times of AChBR.andpj, are the magnitudes of the
decay associated with fast and slow processes, respectivgland ¢siow are the fast and slow rotational correlation times, respectiyélys the
reducedy? of the anisotropy decay analysig[iis the amplitude-weighted average fluorescence lifetime. All data are the average of at least three
replicate experiments: standard deviatiorf.In the case ofx-bungarotoxin bound to EDANS-D194C, anisotropy decay data were analyzed by
fitting to eq 7 (see the Materials and Methods) without deconvolution of the lamp pulse starting at a time point 0.8 ns after the peak lamp intensity.
Similar experiments were done witl-cobratoxin, and no significant difference between the twoeurotoxins was observed. FI-N158C and
FI-D194C were present at-2 «M in binding site concentration; EDANS-D194C was present-a8b &M; and when applicablex-bungarotoxin
was added to achieve a 1.5-fold stoichiometric excess.

0.4 might be expected if the five toxin molecules were oriented
in rigid radial positions as shown in the crystal structure
(parts D and E of Figure 4). These data indicate that binding
of a-neurotoxin has a minimal effect on the translational
diffusion properties of AChBP beyond that predicted from
a simple addition of the equivalent compact molecular mass.
ol | A parsimonious explanation for this stems from flexibility

s of the core of the toxin molecule that is likely imparted by
I EDANS-D134C ' joints in the toxin fingers permitting segmental motion of
i

F

0.3r%

o
b

Anisotropy

o
-
T

the core disulfide structure. Accordingly, we sought a
comparison between motion in the binding protein and the
bound-toxin molecule.

25 50 75 Analysis of Segmental Motion by Decay of Fluorescence
. TIME, ns . Anisotropy.Because time-resolved fluorescence anisotropy
Ficure 7: Comparison of the time-resolved fluorescence anisotropy decay analysis allows one to monitor torsional and segmental
decay curves for EDANS-D194C-AChBP alone and complexed mqtion in proteins as well as their global rotational diffusion,
with a-bungarotoxin. . . .

we employed this technique not only to examine global

radius of 9 A, the internal volume is 16 000° And the rotation of AChBP and its complex but also, more impor-
internal surface area is 35002AThe overall volume tantly, to assess the flexibility of bourwdneurotoxin at four
including the vestibule is 311 000°Aand the corresponding ~ Positions on the toxin molecule in relation to stationary
surface area is 15 6002AHence, the volume of the outer reference positions on AChBP itself. We found that when
cylinder is 295 000 A and its surface area is 12 100.A  the a-neurotoxin is bound to AChBP, the majority of the
Estimated from the central axis of the vestibule to the outer -N€Urotoxin structure remains quite flexible relative to
Connolly surface, toxin binding would extend the overall AChBP itself. The exception was at position E§swhich
radius of AChBP from 40 to 65 A, with the maximal length  Showed slower segmental motion of limited amplitude upon
at the tips (Figure 4D). binding such that its backbone mobility was comparable to
Structural Fluctuations in AChBP-Bouna-Neurotoxin.  that of the F loop of AChBP (F1-N158C).
Combining hydrodynamic analyses with measurements of In light of the a-cobratoxin-AChBP crystal structurerj,
fluorescence anisotropy decay enabled us to consider tor-a high degree of flexibility is not surprising at the loop llI
sional and segmental motion within the molecule in relation position (Lyg®) or at the C terminus (Ly9) of the a-neu-
to global rotational and translational diffusion parameters rotoxin, because these regions do not appear to interact
revealed by the two experimental approaches. directly with the surface of AChBP. However, it is note-
On the basis of the radial propeller bladelike positioning worthy that thea-carbon backbone region around Eymn
of five a-neurotoxin molecules around the perimeter of thea-neurotoxin exhibits greater mobility than that around
AChBP as shown in the recent X-ray crystal structufg ( Lys?. At first inspection, these results are somewhat surpris-
we anticipated that binding af-neurotoxin would have a  ing because Ly8 is closer to the tip of loop Il and the site
marked influence on the sedimentation properties of AChBP. of interaction with the binding interface. This residue also
We assessed the effective distortion of the hydrodynamic appears sandwiched against the C loop of AChBP. If the
shape by sedimentation velocity analysis, which allows one toxin were behaving as a relatively rigid entity with a fulcrum
to calculate a frictional coefficient. The ratif#fo, indicates at the tip of loop Il, one might expect movement over a
how much the hydrated shape of the experimental protein greater segmental arc as one extends from the fulcrum point.
through its dimensional asymmetry deviates from a compact, However, a closer examination of the crystal structure of
nonhydrated sphere. Uparneurotoxin binding to AChBP,  the toxin reveals that Ly3is structured in #-pleated sheet,
no significant increase ifify is observed in contrast to what whereas Ly® is in a loop that lacks secondary structure.

(=0

0.0
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One can consider the motion of the toxin region nearftys (@[~ 17 ns) than MTS-fluorescein conjugatés{~ 3 ns).
as being restricted by two factors, its surrounding secondaryThe diminished capacity of MTS-EDANS conjugates to
structure and the overall immobilization of the toxin via its monitor segmental motions may be due to their longer tether
interaction at the tip of loop Il with AChBP. Therefore, the arm (eight versus five atoms) and/or the amphipathic
kinetic component with the dominant amplitude contributing character of the reporter group.
to the decay of anisotropy from FITC-L3/sapproaches that Elapid a-neurotoxins exhibit a high degree of subtype
of the global rotation rates of the entire complex. The selectivity for nAChRs. Their highest affinity is found for
immediate region surrounding L3?f the toxin, being less  the muscle receptors from vertebrate species, yet certain
constrained by secondary structure, reveals additional segtesidue substitutions and glycosylation can make certain
mental motion contributing to the decay of anisotropy from animal species more resistant to the three-fingeratku-
FITC labeled at this site. These data are in agreement withrotoxins than others3f—39). Many neuronal receptors are
NMR experiments usingx-cobratoxin bound to a short resistant to thex-neurotoxins, yet the homomeric neuronal
C-loop peptide cognate3), wherein an overlay of 10  species, typified by7, show high affinities for the long
solution structures of the toxin reveals a single orientation neurotoxins. AChBP thus will serve as a structural template
for Lys?, whereas the side chain anecarbon backbone of  for the nicotinic receptor subtypes, and through mutagenesis,
Lys®® undergo at least a 180otation even while bound to it should be possible to replicate the affinity changes and
the short C-loop peptide mimic. presumably ascertain tlieneurotoxin-binding determinants
To impart a frame of reference for assessing segmentalof the various receptor subtypes. A suggestion that the
motion in a-neurotoxin, we examined time-resolved fluo- nAChR and AChBP determinants are not identical comes
rescence anisotropy decay from two different sites of MTS- from a comparison of the anisotropy decay data where the
Fl conjugation in AChBP itself (D194C and N158C). Data fluorescein conjugated at residue 69 in the nAChR-bound
from both sites that lie on opposing sides of the subunit toxin shows a faster initial rate of decay than the other
interface indicate far less-carbon backbone flexibility than  substituted lysines2@). In the case of AChBP, the fluores-
we observed from the bound-neurotoxin. Using MTS- cein decay rate at position 69 is not distinguishable from
EDANS, a longer lifetime fluorescent probe, labeled at the that at residues 35 and 49 (Table 3 and Figure 6).
D194C site in AChBP, enabled us to monitor the slow  In summary, hydrodynamic measurements of translational
component of the anisotropy decay that corresponds to thediffusion and time-resolved fluorescence anisotropy decay
global rotation rate of the macromolecule (Table 4). analyses of rotational diffusion and intrinsic segmental
To compare our experimentally determined rotational motion yield a consistent picture of the dynamics of the
correlation times to a hypothetical value, from the Stekes AChBP-bounda-neurotoxin molecules. Internal motion of
Einstein equation, we calculated theoretical rotational cor- the a-neurotoxin molecule imparted by flexibility in the
relation times for apo and.-neurotoxin-bound AChBP.  peptide chains in the-neurotoxin fingers allows for the core
Using the molecular weights determined by mass spectrom-of the molecule to move segmentally in a limited conical
etry, this equation yields rotational correlation times of 64 arc independent of the pentameric complex. This is demon-
ns for apo AChBP (from HEK 293 cells) and 81 ns for the strated in lower resistance to rotational and translational
a-neurotoxin-AChBP complex. These estimated values, diffusion than would be predicted from rigi@-neurotoxin
which do not account for associated water, are much lower molecules extended radially from the AChBP surface.
than the experimentally determined values of 124 and 142 Furthermore, time-resolved fluorescence anisotropy decay
ns, respectively. The structured, retained water in the reveals additional degrees of segmental motion of the
vestibule of AChBP and associated hydration of the oli- a-neurotoxin core not evident in the residues found on the
gosaccharide and other surface residues increase the effectiveinding interface of AChBP.
mass and immobilized volume of the molecule. An increase
of 26% in rotational correlation times calculated from apo REFERENCES
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