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[T ROUCTION

c-Bungarotoxin {o-BTX) is a 74 amino acid, c-neu-
rotoxin derived from the venom of the snake
Rungaras nudticictis, 1L binds to the postsynaptic
muscle acetylcholine receptor [AChR) with a Kp of
1YW, competitively inhibiting ACh hinding,
thereby preventing the depolarization of postsynap-
tic membranes and hlocking neuromuscular trans-
mission. Using dynamic filtering techniques, the
major determinant involved in toxin binding was
mapped 1o the segment “'W184-10200 which
forms a B-hairpin® (e-BTX and AChR residues are
designated by a superscript B ("X) or eel, o7, B or &
(e, “U%) respectively, before the me-letter amino
acid cade indicating the subunit type and the posi-
tion in the sequenced, The dissociation constant of
a-BTX for a o™ peptide is 2.5 X 1077 M, two
orders of magnitude higher than thar for the
ol 1 pemtide, emphasizing the importance of the
N-terminal residues “'PL97-"10200 For binding.
The structure of the entire AChIU has not been
solved at high resolution. Recently, Breje et al’
determined the crystal structure of a snail ACh-
binding protein {AChBE) which shares up to 30%
sequence identity with AChRs. Superposition of the
toxin-bound high-aftinity peptide {EHLAF) on the
analogous region of the AChBE located the hinding
site for e-neuroloxing at the outer perimeter of the
ACKBP at the interface between two identical sub-
units," The molecular axis of the toxin was found to
be perpendicular both to the five-fold symmetry
axis and to the tangent to the pentameric ring {the

molecular axis of a-BTX is defined here as the long
axis of the second Onger). Doe to the perpendicular
orientation, the contact area between the toxin and
the receptar is only 760 A%, nol accounting for the
extremely high allinity between the two proteins.
Moreover, the superposition used resulted in
numerous Yan der Waals violations hetween the
toxin and the homaopentameric AChBP that could
patentially be relieved by claborate modeling, The
Van der Waals violations prevented detailed analysis
of the interactions between e-BTX and the hetero-
pentameric muscle-AChR, and the interactions
hetween the two proteins could be inferred only by
analogy to the AChBE,

In the present study, we determined the solulion
structure of a complex between w-BTX and a pep-
tide corresponding to the segment *'R182-*'1202
conlaining the entive major ligand-binding domain
of Tarpedo wl, including all residues previously
[ound to be important for species-specific resist-
ance to a-BTX. Using our NME structure of o
BTRfnl " complex we constructed the first
homalogy-based model of the extracellular domain
af the muscle- AChR, AChE-EC, in complex with
bwo toxin molecules. In this model e-BTX forms an
angle of approximately 357 with the plane of the
pentameric ring and a 377 angle with the langent to
the ring. This orientation considerably increases the
contacl arca between AChR and o-BTH. According
to our madel, =1800A% of the toxin surface are
buried upon receplor binding, compared with a
mere 760 A% in the AChEP superposition,” clearly in
ling with the high affinity 1o the receprar. The
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PMECHANISN OF AChRE [HITRITION

conserved ooneuratoxin residue "R3s accupies the
partially buried deep pocket for ACh, thus provid-
ing a novel cxplanation for the mechanism of ACHhR
inhibition by snake c-neuroloxins.

SOLUTION STRUCTURE OF
- TR el P COMILER

STRUCTURE DETERMINATION OF
a-BTHfu1 "% COMPLEX

The structure determination was based on a total of
L6733 WMR distance constraints, OF these constraints
5322 were long range and included 375 intra-toxin,
104 peplideftogin, and 43 intra-peptide constraints,
Torsion angle constraints included 77 db-angles and 41
¥ -angles, Structure calculations were performed with
the CNS program using the NWMB-derived distance
and dihedral angle constraints.” Fig. 7.14 shows the
backbone superposition of 28 lowest cnergy structures.

The averall structure of the complex is well defined
with rmsd values of 0,84 A and 1.45 A for the back-
bone and heavy atoms respectively.

STRAUCTURE OF THE BOUND «-BTX

As shown in Figo 708 the overall structure of
o-BTX consists of three long fingers and a C-terminal
tail. Finger 1 forms a B-hairpin with two anti-parallel
f-strands consisting of residues "W2-"16 and
B111-"T15. Finger 11 consists of two anti-parallel
fi-strands, "L22-PD30 and PG37-YA45. Residues
“Ese-"Cal of finger [ form a triple-stranded anti-
parallel B-sheet with finger 11 to create the central
core of the toxin, These motifs are present in many
-neurotoxing,”

The secondary structure of free a-B1TX was deter-
mined earlier.” In the a-BTX complex with e ] 19575,
residues MW28 and "W39 located at the edge of B-
sheet of the second finger zip together upon peptide
binding." In the present study of a-BTX in complex

Flgure 7.1 Sterce vivw of e o-BTX 0 ACKH ™ complex foolored in darl umd light gray, respectively),

Ol the pephide segment =5 14-"10200, which exhibits a converped steuctoze, is shown, ™ and C denote the teroing of the toxin e the peplids
ad ek tenth residue s bered (A) Backbooe superposition of 2 lowest energy stractures (5] A ribban diagrom of the enecgy-minimized average

strieture, All figorss were prepared vsing Insight 11 and M0OLM o




SOLUTION STRUCTURE OF a-BTXa 42" COMPLEX

with the longer ool ™%, additional residues, namely
#C20-FD30 and PG37-"K38, extend the P-sheet,
illustrating the importance of “'P197-""200 in sta-
bilizing the complex.

STRUCTURE OF THE BOUND 1182-202

As already revealed in the secondary structure
determination af the bound peptide,® a2
adopts a f-hairpin conformalion, consisting of two
anti-parallel  P-strands  formed by residues
“IH186-'T191 and *Y198-"D200 (Fig. 7.24)
and a six-residue connecting loop made of
210 g2-1p 197 (COCPITR) rigidified by the disulfide

bond and two prolines. The first three residues
of the elongated P-strand “'HI86-""T141 interact
with  the  second  P-strand  of
*Ly1og'0a200, thus closing the f-hairpin, while
the last three residues of the Arst strand, namely
g9, associate with the toxin residues
B3840, to form an intermolecular f-sheet (Fig.
7.2A). The upper face of the B-hairpin is formed by
the side-chains of residues ™ K185, "W 147, =¥ 1589,
I, “1P197, and #0199, while the lower face is
formed by the side-chains of “'Hl#s, “'V188,
aly19n, *'C192, *1C193, *'Y 198, and *'D200, thus
stabilizing the B-hairpin conformation  through
mastly hydrophobic interaction (Fig. 7.2A).

Figuee 7.2 The structure sod bsteractions of the o-BTE-Bound ol #4220,

(A1 Stereo repreaciration of the hedragen handing and intramnlegular side-chitin intersetions of the baund o] =Y, Intramolecular hydrogen bonds
within the peplice, and ftermuolecular Tvdvagen bonds with *K38-"40 aze in dosted fines, (18 Seperposition af e " HUS="T0200 segieent and the
corresponding segment of ACHEE (4 1E1-131903, The hacklone atois of o "7 (lght grav) and the corresponding AChEP segment {darl gray) e
sliwa, (0] A slereo 1epresentation ol gide-chain interactions of o152 swith o 870 The peptice interacts with the Erst finges, second foger, and

Coterminns of w-WX residues denoted by 2 supecicript B,

47



MECIEAMESM OF AChE INIIBETION

The corresponding region of AChBP [KKNSY-
TYSCCPEAYEDY, residues 179-194) was [ound
to adopl a P-hairpin conformation, in which
Ser'™-Cys'™ form a turn.” Backbone superposition
of the @-BTX hound AChR  segments
SR8V 190 and *1Y 19811199 over that of the
cortespanding AChEP region resulted in an rmsd
of 1.4 A (Fig. 7.28), a deviation originating mostly
from the one-residue insertion “'P194 in the AChR
sequence, The two prolines [“'P194, *'P197) of
o132 break the B-structure and produce a
B-bulge consisting of the segment wlpog-olp1gz,
The second Bestrand in AChBE extends bevond
its  three-residue o] 192202
(=17 198-+'D200),

counterpart n

BIMDIMG INTERACTIOMNS OF 1175792
AND THE TOXIN

Surrounded by the toxin, el fits snugly into
the a-BTX binding site, As shown in Fig, 7.2C,
12wl ™53 residues interact with 19 toxin
residues. The side-chains of *'K183, *'W187, and
“I¥189 interact through mastly hydrophobic
interaction with residues "1'6-"512 of the frst
finger of o-BTX, Peptide residues *'¥189-"1T191
interact with residues "K38-"V40 of the toxin B-
sheet core through an intermolecular P-sheet
involving  four hydrogen bonds (Pig. 7.2A).
Hydrophobic interactions between “'Y189 and
%4 on the upper side of the B-hairpin and
between *'Y190 and V39 on the lower side of the
B-hairpin help to stahilize the intermolecular (3-
sheel, The side-chains of tyrosines “'Y190 and
“1¥ 198 on the lower side of the B-hairpin interact
with "R36 of the toxin's second finger, a highly
conserved toxin residue found 1o be important
for toxin binding to AChR (see below). Finally,
residues Y189, “'T191, *'C192, and “'P194
interact through maostly hydrophobic interaction
with residues "He8-"071 at the C-terminus of
the toxin (Fig. 7.2C). Residues “'K185, “'"WI87,
aby 189, <y o0, “riel, *C192, and P19 are
the strongest contributors to the contact surface
between o | '™ and the toxin,
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BWME-DERIVED MODREL OF THE ACh-
EC n-BTE COMI'LEX

MODELING OF THE AChR-EC/:-BTX COMPLEX

The AChBP sequence was aligned with thase of
varivus AChR  subunits using the Clustal W
1‘.:|'ng|'n:'ﬂ.‘1I The sequence identity hetween AChBP
and each AChR-EC subunit is only 19-24%.°
Mevertheless, the sequence alignment ol the
AChBP monomer and each of the AChR-EC
subunits showed a good fit with almost no gaps
aver the entire sequence {Fig. 7.3A}, The highest
similarity was found in the secondary structure
elements, The cysteine pair *'C128 and “'C142 15
conserved in all AChR-EC subunits, while the
vicinal “'C192 and *'C193 pair is conserved in o-
subunits only,

The AChBFP subunit consisting of 210 amino
acids served as a template for our model, Each sub-
unit of the AChR model was therefore delimited to
this size and the following sepments, wl{2-211},
B(2—225), 4(2-219), and Bi{2-217), corresponding
to the 210-residue subunit of AChBP were mod-
eled, Tnserts in the &-, y-,and B-sequences increase
the length of the respective subunit. Using the
homology module of the Accelrys package, the
residues in the structurally conserved regions of
AChBP were replaced by those of AChR-EC, result-
ing in minor side-chain collisions, which were
repaived by assigning suitable rotamers conforma-
tion. Random loops were penerated for the sep-
ments connecting structurally conserved regions,
producing few molecular Yan der Waals violalions,
which were alleviated by manually assigning alter-
native ratamers to the side-chains of colliding
residues,

To dock two w-BlX molecules into the AChR
model, 01" residues 185-190 and 198-199
from the NMR structure of the a-BTX/o ]!t
complex were superimposed on the corresponding
residues in the AChR model, resulting in an rmsd of
L4 A Residues “'1185-1200 of the el model were
assigned with the cartesian coordinates of the
corresponding « 1'% segment of the complex
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Figure 7.3 The MR derivesl AChR-EC madel b complex with w57 and the sequence allpnment with AChBE

iAl Sequence aligament af AChEE manommer and the AChE-subunits. buse than 56 sequences of recepror subunits Gom different species were alipned
using the program Clostal W, Numbering follews the ACEBP sequence, asterisks and dors denerte imvaziable and conserved residues vepectively.
n-Helices and f-sheets of the ACKBE are denoted. (35, 1 Ribbos dispraans of the 2CRR-FC model in comple with wo ce-BTX molecules; (10 side

wiew ancl (97} top wiew af the comples.

and two - BTX molecules were introduced in their
pepltide-bound state, Splice points which produced
a discontinuity were fixed using molecular dynam-
ics and energy minimization, The insertion of the
entire  e-BTX/w 1™ complex automatically
dictated the position of the toxin relative to the
receptor, thus generating an NMR-derived model
for the a-BTX/AChR-EC complex (Fig. 7.38 and
C). The replacement of the B-hairpin in the initial
AChR model with the B-hairpin of 1" bound
lo @-BTX created a discontinuity at positions
“KI85 and ™'D200, which was resolved by a
few steps of dypamics and minimization. The
side-chain of "534 in the two docked toxin mole-
cules collided with the 8- and v-subunits and its

conformation was modified by molecalar dynamics
calculations applied only to residues *C33-5535,

LIGAMD-EINDING SITE OF AChR

According to our model, the ACh binding pocket,
previously identified in the crystal structure of the
homopentameric AChBP,* is located at the interface
between the aly- or alf-subunits and is lined by
aromatic  and  hydrophobic  residues: “'y93,
el 149, 1190, and “IY 198 of the ot L-subunit, s
well as "WS5/WS7 and "L119/°L121 of the y- and
B-subunits. Different residues are found in the
corresponding positions in the other subunits,
accounting for the absence of ligand binding,
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THE 10N CHANNEL OF AChR

AChBP is a soluble protein found in the synaptic
cleft, where it modulates synaptic tranamission. It
comsists of five identical subunils arranged as a
doughnut to form a central pore, This protein is nol
4 cation channel and therefore does not require a
negatively charged duct along its five-fold axis.
Indeed, the electrostatic potential map of AChBP
presents a slightly positively charged cavily on one
side and a slightly negative cavily on the other side.
On the other hand, the heteropentameric AChR
forms a strongly negative duct, which measures
1-1.5 nm in radius, and 5nm in height. Several
residues lining the inner perimeter of the AChR
channel duct are different from those of the AChBP.
Uncharged amine acids of the AChBP are mutated
1o negatively charged ones fi.e. 579 to LR, 580
to 218D, 893 to *M D) and positively charged to
negative  or  neutral  residues Hed  to
oI THrRERA, K94 Lo ! DPQMPS).

{1.e.

RELATIVE TOXIM ORIENTATION ON AChR

a-BTX forms an angle of approximately 337 with
the plane of the pentameric ring of AChR and a 37"
angle with the tangent to the ring (Fig. 7.38 and C).
I contrast, the superimposed model of Harel et al’
located c-BER in the plane of the pentameric ring
and perpendicular to the tangent to the AChBP

ring, The different angular orientation of w-BTX
in the AChR model dramatically increases its
contact area with the receptor by a factor of ~2.5
(see below].

BINDING INTERFACE OF «-BTX AND AChR

Almost all the interactions of the wl-subunit with
the toxin arise from residues "'K185-"'1.199, the
only exception being the interaction of alw 149
with "R36. The first finger of the toxin interacts
with the al-subunit only. The long second finger of
-BTX penetrales deeply inta the interface between
the wly and the w«ld subunits and residues
Baa-bE41 (PR36 included) interact extensively
with hoth subunits but mostly with the - and &-
subunits, The third finger interacts with the - and
fi-subunits and the C-terminus of the toxin inter-
acts anly with the «l-subunit.

P3G OCCUPIES ACETYLCHOLINE-BINDING
POCKET

The most striking feature of the NMR-derived
model of the AChR/a-BTX complex is the occupa-
tion of the ACh binding site by "R36 (Fig. 7.4A and
Bi, *R36 mimics ACh (Fig. 74C) thus occluding
neurotransmitter binding. The majority of the
receptor residues interacting with *R36 are from

BRa6

Figure 7.4 Internctions of ie-BTX with ACRR-EC in the MMR-derived model.

¢ a) Imeractions of a-BTE PRIG in (he ACh bineing poctet af

ACTE a1 the sntesFace besween e ol - and y-aubumit and (B a1 the interface between

o Lo sl B-gubunits, (0 Structural comparisen between AR (rightd and the argiiine residue [Lefil,
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DERIVED MOEBEL OF THE ACKHR ECHuw-BTX COMPLEX
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dphiophagus hannih TELVHTRIR--T[ERERCERRODNLEYHET
ophiophogues Dannuh TR TIO. - - ATEQTSPDEUIIEYTRT
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Haja mmlaholavss HECNKGORROFFTTET ORI -EFNEY RKD

Haja haje hoie HICHKGOESgPFTIETCR G
Migrurus atgrosinstun HIDHUHOCOa8GFETINSCA -

habigeads crocksri AEOEHQOEEQUGTNEES P POERESY RE
Laticouda crockari ERCFKNPESBIRCTHRECP FOERETY WK D
Laticouds colutring RS rHODEE P ETTESE P PGERS YWD

Figure 7.5 Sequence alignment of various c-nenrotosins.
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The dnvariant cvsteine resichies flight grayl 2nd non-syseine resichies [darks gravd aee highlighted.

the ol-subunit. The positvely charged guani-

dinium group of "R36 forms cation-7 interactions

with =W 149, Ry W35 in the vy-subunit), and

possibly with *'Y93. [n addition a hydrogen bond is
formed between the guanido group of "R36 and the

carbonyl oxygen of “PW 49, =Y 190, “1Y 198, and

FL121 (YL119 in the y-subunit) interact with the

methylenes of the YR3n side-chain. “'C192 and

*LC193 are close to the carbonyl group of "R36 and

the methylene group of "G37, Notably, the orienta-
tion of "R36 in the AChRiq-BTX model is dictated

by the inleractions with “'Y190 and “'Y198 as
observed by NMR and was nol changed during the

modeling process.

The NMR-derived model of the ¢-BTX/ACKhR
complex is in remarkable agreement with pairwise
interactions between AChR and the short a-neuro-
toxin Maje wmossambica mossmnbica T (Nmml)
revealed by double mutant cycle experiments.
The Nmml R33 (homologous to "RL36, see Fig. 7.5}

JLER N

was found to interact with *L11% and YW53, and a
calion-w interaction between YW55 and the Nunl
B33 was suggested,!! [n addition, Newrd B33 was
found to be coupled to “'W149, “'V188, “IY190,
“y 1og, and “'D200 of the o l-subunit. [t was thus
supgested that N R33 is inserted belween the
1= and y-subunits and anchors the a-toxin 1o the
surfaces of both subunits,'” exactly as ahserved for
"136 in our NMR-derived model of «-BTX com-
plex with AChR [see Fig. 744 and B).

R36 IS INVARIANT IN SNAKE «-NEUROTOXINS

Sequence alignment of several long and short o-
neurctoxing displayed a high sequence identity
{35-65%0) as well as five invariant cystine bridges
{Fig. 7.5). The alignment revealed that the arginine
at the lip of the second Anger, BRag, and BGAT are
invariant (Fig. 7.5). As mentioned carlier, "R36
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occupies the ACh-hinding site on the receptor,
while the small and flexible *637 enables optimal fir
ol "R36 in the ACh-binding pocket, These ndings
are in excellent agreement with mutagenesis resulls
that show that a mutation of 133 of Meunl (homaol-
apous to PR36, see Fig. 7.5) results in four orders of
magnitude decrease in the allinily of the loxin Lo
AChILY Tn addition to "R and “G37, residues
M 28 and P49 were the only invariant residues
excluding the cysteines. Remarkably, "W28 interacts
extensively with the - and S-subunits.'*

MMR STRUCTURE OF THE «-BTX COMPLEXED
WITH 1182202 ACCOUNTS FOR SPECIES-SPECIFIC
SUSCEPTIEILITY TO THE TOXIN

Snake neurotoxing have evolved to paralvse the
snake’s prey by inactivating muscle AChR and,
therefore, both long and short c-neurotoxins
exhibit high affinity to muscle AChE and its wl-
subunit. In Fig. 7.6, sequences of the ol of various
species are presented together with their relative
binding affinity to e-BTX."** The natural prey af
the snake Bungarus muelticinctus are frogs and
chicks, and it is therefore not surprising that
w-BTX binds lethally and with the highest affinity
to their al. The Torpeds californica al sequence is
sirmilar to thal of [rogs, and therefore, exhibits
similar affinities.'” On the other hand, snakes
themselves and their predators such as the mon-
poose are nalurally resistant 1o snake venom in
general, and o-BTX in particular,'® Other species
such as humans and hedgehogs, the latter being
clasely related to the mongoose, exhibit reduced
sensitivity to a-BTX poisoning."” Understanding
the influence of o mulation on the actual binding
is a powerful tool in relating ol structure Lo ils
function,

The P-hairpin “'K185-4'D200 is the major
i 1-subunit determinant involved in both ACh and
snake toxin binding, protruding out of the s 1-sub-
unit as a long tongue. While the upper and lower
face of the B-hairpin and the backbone ol the
N-terminal f-strand (“Y189-""T 191 are involved
in Loxin binding (sce Fig. 7.2}, only the lower face
is involved directly in ACh hinding, Resistance to
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snake toxins can therefore be abtained by mutating
residues with side-chains pointing to the upper
face while conserving those with side-chains point-
ing downwards and that are crucial for ACh bind-
ing, Fig, 7.6 indicates that mutations of residues
SHI85, TWEST, MY 189, “'P194, and “'P197 lead
Lo a decrease or loss of toxin-hinding capability. In
snakes, resistance o a-neurceloxins is conlerred by
the “'K185W, “'WI1875, "'Y189N, and “'P194L
mutations  while in  mongoose resistance s
obtained by “"W 187N {putatively N-glycosylated),
“IY189T, "' P194L, and “'P197H mutations.'” Our
structure indicates that the side-chains of residues
clK18S, “IwW 17, *'Y 189, and *'P194 point to the
upper side of the B-hairpin and interact extensively
with o-BTX, The aforementioned mutations abwi-
ate the favorable interactions with the toxin and
abaolish its hinding. Fig. 7.6 also indicates that
mutations of residues “'D195 and *"T196 do nat
sipnificantly alter the AChR aflfinity to the toxin. In



susceptible species such as frogs, *' T196 is replaced
by a lysine, whereas in cats “'12195 is replaced by
threonine. Intevestingly, T, relaxation time in the
rotating-frame (T} and rmsd values of residucs
“1195 and “"T196 suggest that they are more flex-
ible than ather residues within the binding deter-
minant {Samson el al, unpublished resulis), Our
findings suggest that these residues are solvent-
exposed in ol and do not contribute to
a-BTX binding. Finally, Fig. 7.6 shows that
residues “H &6, @1V 188, “'Y 190, 1192, #1193,
198, and D200, which form the lower face of
the B-hairpin, are conserved. Four of these
residues, namely, *'Y190, *'C192, ='C193, “'Y 198,
form the hinding site for ACh and interact with
bR 36, which mimics ACh.

CONCLUSTON

The structure of the major acetylcholine receptor
determinant in complex with o-BTX was solved
using. WMR spectroscopy. The AChR-peptide
folds into a P-hairpin which associates with the
w-BTX central B-sheet through hydrogen bonds
and hydrophobic interactions. One face of the
peptide B-hairpin, that is exposed o @-BTX,
presents variable amine acids which confer toxin
resistance to species such as mongoose and cobra.
Residues on the other face of the B-hairpin are
highly canserved in different animal species,
because they are involved in acetvlcholine bind-
ing, Based on this MMR structure, and on that of
the ACHhBPE, we constructed a model of the toxin-
hound AChR. Remarkably, *136 at the second fin-
gerlip of the lexin occupies the receptor-binding
site, thereby occluding ACh binding and prevent-
ing channel opening. This arginine is invariant in
ae-neurotoxins originating from different snake
species. The channel duct formed in the center of
the AChR pentameric ring is negatively charged
ter assist cation Qo The toxin moelecules form an
angle of 35" with the tangent of this ring, consid-
erably increasing the contact area. This study'
provides o new explanation for the AChR inhibition

REFEREXCLES

v snake a-neurotxing and sheds light on the
ligand-binding pocket and channel duct at atomic
resolution,
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