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ABSTRACT: Thea-neurotoxins are three-fingered peptide toxins that bind selectively at interfaces formed
by the . subunit and its associating subunit partnery, or € of the nicotinic acetylcholine receptor.
Because ther-neurotoxin fromNaja mossambica mossambikcahows an unusual selectivity for the

andad over theae subunit interface, residue replacement and mutant cycle analysis of paired residues
enabled us to identify the determinants in theand 6 sequences governing-toxin recognition. To
complement this approach, we have similarly analyzed residues anghbunit face of the binding site
dictating specificity fora-toxin. Analysis of theny interface shows unique pairwise interactions between
the charged residues on tletoxin and three regions on the subunit located around residue A%p
between residues TH and Val®3 and between residues T#pand Asp®. Substitutions of cationic
residues at positions between ¥hand Val®>3 markedly reduce the rate of-toxin binding, and these
cationic residues appear to be determinants in prevemtitmxin binding toa2, a3, anda4 subunit
containing receptors. Replacement of selected residues in-tein shows that Séion loop | and Arg®

and Arg® on the face of loop Il, in apposition to loop I, are critical to tiseoxin for association with the

o. subunit. Pairwise mutant cycle analysis has enabled us to position residues on the concave face of the
threea-toxin loops with respect ta. andy subunit residues in the-toxin binding site. Binding oNmmi

o-toxin to theay interface appears to have dominant electrostatic interactions not seematititerface.

For the past 30 years, tleeneurotoxin family of snake  much of the surface of the threetoxin loops, which are
venoms has served as primary tools for the pharmacologicalheld together by a disulfide-linked globular core. Extensive
characterization of the nicotinic acetylcholine receptor mutagenesis studies with erabutoxin (Ea), a member of the
(nAChRY (1—3). The various subtypes af-neurotoxins short toxin family, have delineated key residues in the
active on muscle receptors can be classified in two generala-toxin that stabilize the high affinity complexs). The
categories: short (6062 amino acids and 4 disulfide bonds) a-neurotoxin fromNaja mossambica mossambicg@Nmum)
or long (66-74 amino acids and 5 disulfide bonds)).( shares 60% sequence identity with Ea and, due to its high
Toxins of both categories interact with receptors containing selectivity for theay subunit interface over that formed by
al, 3, v(e), ando subunits found in skeletal muscle, while ae (9), has served as a unique probe in our efforts to map
the long neurotoxins also bind @7 containing receptors  the subunit binding interfaces of the muscle nAChR.
found in neuronal tissue$) The nAChR in muscle is composed of four homologous

a-Neurotoxins competitively inhibit agonist binding to the  subunits arranged in a pentamer of compositighdy (fetal)
muscle nAChR by forming a high affinity, slowly dissociat-  or a,3d¢ (adult); agonists and competitive antagonists bind
ing complex through association at thg andod subunit at interfaces between thed anday (o) subunit pairs §,
interfaces. The high affinity presumably results from the large 10—-12). Affinity labeling and site-specific mutagenesis
van der Waals interfacial contact area (8200 &) that  studies of NAChR have identified key regions contributing
the three fingered--toxins exhibit in peptide protein com- to agonist binding, including three segments in the
plexes 6—8). The contact zone potentially extends over subunit: residues surrounding Pyand residues between
Trp'® and Gly*3 and between Hig€% and Asp®® and four
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eating pairwise residue interactions that stabilize high affinity
complexes 16—18). More recently, we have shown that
Trp®5, Leut’®, Asp’# and GId78 in the v subunit likewise
reside at thea-toxin binding interface 19, 20). Double
mutant cycle analyses of our combined investigations of
determinants in the subunit have revealed that residues of
loop I Nmni toxin, Arg®® and Ly$’, are primary points of
contact for binding to thes subunit face of the receptor
binding site 0).

Structurally equivalent residues on both short and long
o-neurotoxins, notably Ea and-cobratoxin, respectively,
recognize a similar region on ti®@rpedoreceptoro subunit
(21, 22). In addition, Michalet et al.Z3) recently determined
by chemical cross-linking studies the relative proximities of
the Naja nigricollis a-toxin mutant Q10C, K27C, W29C,
R33C, and K47C to thiols Cy¥—Cys'®3in the a subunit,
specifically at theay site of Torpedoreceptor.

Results from our laboratory and others have provided an
initial view of the molecular interactions stabilizing the
a-toxin—receptor complex. Still, the orientation of the
a-toxin with respect to thexry and od subunit interfaces
remains to be established. Here, we extend our study of
o-neurotoxin positioning at the subunit interfaces of the
nAChR by analyzing interactions between a set of point
charges on thex-toxin with an extended array of point
charges on the subunit. The present work reveals that Bsp
and Trg“*® on thea subunit, in addition to residues /&,
Tyr'0 Tyrl% and Asp® (a binding region extending from
position 186 to position 200), contribute significantly to
Nmmn binding. Correspondingly, on the-toxin, Sef on loop
I; Lys?’, Arg®3, and Arg® on loop II; and Ly4” and Lys®
on loop Il are critical residues involved in the multipoint
attachment to nAChR. These results, combined with our
previous investigation of energetic linkages betweenxin
residues with the subunit, provide a refined picture of how
Nmm orients with respect to the andy subunit interfaces
at theay site.

MATERIALS AND METHODS

Materials a-Conotoxin Ml was purchased from American
Peptide Co!?9-Labeleda-bungarotoxin ¢-BgTx) (specific
activity ~16 uCi/lug) was a product of NEN Life Science
Products.

Nmml Expression and PurificatiodA cDNA encoding
Nmm a-toxin was subcloned into pEZZ-18 vector containing
a coding sequence for two IgG binding proteins from
Staphylococcal protein A. Mutations were constructed by
bridging two restriction sites with synthetic double-stranded
oligonucleotides. Staphylococcal proteir-Almmni fusion
protein was expressed usirgscherichia coliHB 101,
cleaved by CNBr and purified as describedal)(

Construction of Mutant nAChRsDNAs encoding mouse
NAChR subunits were subcloned into a cytomegalovirus-
based expression vector, pPRBG4. All mutations were intro-

Biochemistry, Vol. 39, No. 50, 20005389

Segment A (93-99)
ol ¥NNADGD .....

Segment B (149-155)
MWMTY¥DGS VYV

Segment C (187-200)
wvrF¥s€er TTP:.§L§

a2 YNNADGE ... WT¥DKAKI ...S KK¥DCEC - AEIYPD
a3 ¥NNADGD ... Ws ¥DKAKI .....E IK¥NEC-EE1¥QD
ad ¥NNADGD ... WT¥DKAKI ...... TRKYECC-AEILYPD
a7 ¥NSADER ...WS¥GGWS1T ...EKF¥ECC-KEPYPD

*

Ficure 1: Alignment of extracellular regions forming the ligand
binding site of the muscle (mous&)X) and the neuronal (raty@,

a3, a4, anda7) subunits of NAChR. The three segments ondhe
subunit face are designated-&. Conserved residues are shaded.
Asterisks indicate positions of studied residue mutations.

* * ERE * = ok ok ok ow ow oW

Cell TransfectionscDNAs encoding the wild-type and
mutant subunits were transfected into human embryonic
kidney (HEK-293) cells using GEPQy), in the ratios ofa
(15 u9)IB (7.5 ug)lo (7.5 ug)ly (7.5 ug). In cases where
measured expression was low, higher expression levels were
achieved by lowering the incubation temperature from 37
to 31°C 24 h after transfection of the HEK cells and 36 h
prior to harvesting.

Ligand Binding Measurement€ells were harvested in
phosphate-buffered saline, pH 7.4, containing 5 mM EDTA
2—3 days after transfection. They were briefly centrifuged,
resuspended in KkRinger’s buffer, and divided into aliquots
for binding assays. Specified concentrationdNofim were
added to the samme5 h prior to addition of*3-labeled
o-bungarotoxin and measurement of the rate of association
of labeled toxin with the nAChR. Dissociation constariks (
values) of the ligands were determined from their capacity
to compete with the initial rate ¢#3-labeledo-bungarotoxin
associationZ4, 25). A two-site analysis was used to ascertain
dissociation constants at ther andad interfaces. Binding
assays for all mutarfimmi with wild-type nAChR and all
mutant NnAChR with wild-typeNmm were conducted in the
absence and presence of appropriate concentrations of
o-conotoxin Ml to blockNmm binding at theod interface,
when the distinction irNmm binding to thead and ay
interfaces was not obvioud 4, 15).

RESULTS

Residue Substitution at thel Subunit Binding Sitelhree
distinct segments in the mousesubunit sequence [encom-
passing residues between 93 and 99 (segmehthajyween
149 and 155 (segment B), and an extended region of residues
between 186 and 200 (segment C)] contribute to ligand
specificity as characterized by affinity labeling studies and
site-specific mutagenesis (Figure 1)3( 26). Our previous
investigations identified a critical region fodmmi a-toxin
recognition within segment C, defined byresidues Vafg,
Tyr'®, Pra®’, and Asp® (14). To further explore individual
residues on thed anday subunit interfaces that potentially
contribute to theo-toxin—receptor interaction, we have
constructed new substitutions at ASjm segment A, at Trif®
in segment B, and at T¥#in segment C and examined their

duced using the Quick Change site-directed mutagenesis s ence onNmni binding (Table 1, Figure 2). Mutant

kit (Stratagene, San Diego, CA) or by bridging the two
introduced or natural restriction sites with double-stranded
oligonucleotides. Chimeras were also constructed by bridging
natural or introduced restriction sites. After the ligation of
the fragments containing the mutated site or synthesized
oligonucleotide into the original pRBG4 vector, the sub-
cloned cassette was fully sequenced by the dideoxy method

Nmn o-toxins often bind with different affinities to theo

2To avoid confusion with theo-toxin loops that carry Roman
numeral designations, we have defined these segments on the respective
subunits by letters extending from the N-terminus: i, oB, and
aC andyA, yB, yC, andyD for the corresponding regions on the
andy subunit faces that contribute to the binding site.
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Table 1: Mutant Cycle Analysis for thel Subunit of the Nicotinic Acetylcholine Receptor aNdja mossambica mossambi€axin®

coupling coupling
binding energy energy binding energy energy
mutations KD (n M) AAG AAG|NT mutations KD (n M) AAG AAG|NT
receptor  toxin oy oo oy od oy receptor  toxin oy oo oy  ad oy
WT E10R 0.1 01 -02 -02 Y190T WT 69 6.8 37 23
WT S8T 20 1.4 2.7 1.3 Y190T E10R 2.4 2.4 1.7 1.7 —-18
WT S8E 1600 25 5.5 3.1 Y190T S8E 13000 ND 6.8 —-2.4
WT S8K 330 11 4.6 2.6 Y190T S8K 7750 ND 6.5 —-1.8
*WT K27E 54 1.8 35 1.5 *Y190T K27E 2900 100 59 40 -13
*WT R33E 2200 95 5.7 3.9 *Y190T R33E 64000 9800 77 6.6 —17
WT R36E 1950 50 5.5 35 Y190T R36E 5000 5000 6.2 6.2-3.1
*WT K47A 1.5 1.5 1.4 1.4 Y190T K47E 10000 1000 6.6 52 —-04
WT K47E 38 0.3 3.2 0.4 Y190T K48E 92.0 9.1 38 25 -12
WT K48E 1.4 0.2 1.3 0.2 Y198E WT 12.5 0.2 27 0.2
D99R WT 25 0.1 1.7 -0.2 Y198E E10R 2.0 0.2 16 01 -09
D99R E10R 0.2 0.1 0.2 -0.2 -1.3 Y198E S8E 50000 ND 7.6 -0.6
D99R S8E 2300 13 5.7 27 -12 Y198E S8K 4000 91 6.1 38 -—-12
D99R S8K 3000 35 5.9 33 -01 Y198E K27E 6000 45 6.3 21 0.1
D99R K27E 1000 75 5.3 3.7 0.4 Y198E R33E 26000 900 72 52-12
D99R R33E 6300 90 6.3 3.8 -08 Y198E R36E 300000 ND 8.6 0.3
D99R R36E 4900 95 6.2 39 -09 Y198E K47E 2000 260 57 44 -03
D99R K47E 33 3.0 3.2 18 -15 Y198E K48E 170 4.2 42 20 0.2
D99R K48E 0.4 0.4 0.7 07 -21 Y198R WT 20 20 29 29
W149K  WT 6.0 0.2 2.2 0.2 Y198R E10R 24 0.7 3.0 1.0 0.3
W149K  E10R 0.6 0.6 0.9 09 -1.2 Y198R S8E  >100000 ND  >8.0 -0.4
W149K  S8E 27000 ND 7.2 -0.5 Y198R S8K >1mM ND >9.3 >1.8
W149K  S8K 8000 2.0 6.5 16 -03 Y198R K27E 2700 2700 58 58 -06
W149K  K27E 3200 24 5.9 3.0 0.2 Y198R R33E 2000 120 5.7 4.0-3.0
W149K  R33E 2000 30 5.7 31 -23 Y198R R36E 85000 ND 7.9 -0.7
W149K  R36E 13000 40 6.8 33 -11 Y198R K47E 300 30 46 32 -17
W149K K47E 200 8 4.3 24 -—-1.2 Y198R K48E 470 30 48 3.2 0.5
W149K  K48E 13.0 0.3 2.7 05 -09 D200K  WT 35 1.0 33 1.2
V188D WT 2.7 0.1 1.8 —-0.2 D200K E10R 7.9 0.6 24 08 -07
V188D E10R 0.4 0.4 0.6 06 —09 D200K S8E 16000 4100 6.9 6.1 —-19
V188D S8E 33500 2900 7.3 5.9 0.1 D200K  S8K 25000 1600 7.1 55-0.7
V188D S8K 5500 370 6.3 47 01 D200K K27E 1000 2 52 16 -15
*V188D K27E 1600 54 5.5 35 0.3 D200K R33E 11800 750 6.7 51-23
*\V188D R33E  >500000 6200 >8.9 6.3 >15 D200K R36E 38000 2250 74 57 -15
V188D R36E 8100 325 6.5 46 -0.9 D200K K47E 1500 90 55 38 -11
V188D K47E 600 23 4.9 3.0 -01 D200K K48E 150 7.0 41 23 -05
V188D K48E 31 0.6 3.2 0.8 0.1 D200Q  WT 9.2 0.3 25 05
V188K  WT 55 2.8 35 1.8 D200Q E10R 2.6 0.3 1.7 05 -05
V188K E10R 43 1.2 34 1.3 0.1 D200Q S8E 16000 340 6.9 46-11
V188K  S8E 119000 ND 8.1 -1.0 D200Q S8K 2700 180 58 42 -12
V188K  S8K 38000 ND 7.4 -0.7 *D200Q K27E 3200 49 59 35 -01
*V/188K  K27E 5700 205 6.3 43 -0.6 *D200Q R33E 31000 400 73 47 -09
*V188K R33E 63000 1300 7.7 54 -15 D200Q R36E 300000 26 86 31 0.5
V188K R36E 2600 185 5.8 43 -34 D200Q K47E 2100 25 57 31 -0.1
V188K K47E 4300 60 6.1 36 —-07 D200Q K48E 100 11 39 1.2 0.1
V188K K48E 375 7.1 4.7 23 —-0.2
Y190F WT 70 2.8 3.7 1.8
Y190F E10R 14 1.1 2.7 1.2 -0.8
Y190F S8E 18000 ND 7.0 —-2.2
Y190F S8K 82500 ND 7.9 -0.4
*Y190F  K27E 44000 500 7.5 4.9 0.3
*Y190F R33E 390000 4500 8.8 6.1 —-0.6
Y190F R36E 7900 7850 6.5 6.5 —-2.9
Y190F K47E 2900 1300 5.9 54 -1.1
Y190F K48E 495 445 4.8 34 -0.2

a2 Dissociation constants were determined from competition with the initial rate éftHabeleda-bungarotoxin binding. Receptors were expressed

asa,fyo by transfection of the cDNAs encoding the respective sets of subiitgalues are dissociation constants é@r anday sites by fitting

a two-site analysis. Ratios of dissociation constants of mutant (mt) to wild type (wt) were calculated using an average or mean value of two or more

measurements involving separate transfectiomsG is free energy of binding in kcal/mol calculated from g as follows: AAG = RT In(Kp md
Ko.wt). AAGT, in kcal/mol, denotes a coupling free energy. An asterisk (*) indicates data of Ackermanni)aND, not determined because
of low affinity. Bold letters denote a significant changeAGr.

andavy interfaces 14, 15). To distinguish thep values for
the two sites, experiments were conducted in the presencesubunit interface 14, 15).

a-conotoxin M1 should reflecti-toxin binding to thecy

and absence oft-conotoxin M1, which has 10 000-fold
greater affinity for thead site over that formed at they
interface. Therefore, the measurkg in the presence of

Substitutions in Segments A andMsition 99 in segment
A'is a conserved anionic residue in both neuronal and muscle
receptora. subunits, except in7, that contains a cationic
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FIGURE 2: Mutagenesis of residues in segments@of theal subunit binding face of NAChRAAG values given in Table 1 are compared
in the figure for each mutant at they site in black and at theld site in gray The horizontal bars indicatAAG values obtained from
comparing the ratios dfp values forNmni with mutant and wild-typexl subunits.

residue. We constructed the negative to positive charge
substitution at this positiongD99R, which resulted in a
modest affinity decrease<@ kcal/mol) for Nmm binding

at the ary site. Introduction of a positive charge for the
conserved tryptophan at position 149 in segment\B,149K,
showed a larger affinity decrease (2.2 kcal/mol) at dhe
site. Expression was not detectable for tW149E mutant.

Substitutions in Segment Of the key residues we have
examined in segments-AC of the a subunit, the greatest
contributions toward binding-toxin are found in segment
C (Figure 2). Substitution for the tyrosine@t90 by either
phenylalanine or threonine results in substantial losses in
affinity at both sites but predominately at they site.
Likewise, the oV188K and aaD200K mutations display
nearly equivalent losses in affinity at ther site. Substitution
for the conserved tyrosine at positior198 with a positive
charged side chain, Y198R, decreabdni affinity by ~3.0
kcal/mol at both thexd and oy sites; whereas, a negative
charge substitution at this position, Y198E, decreased affinity
by the same magnitude only at the site.

Influence of Segment B ResiduesceBungarotoxin(o.-
BgT® Binding. Several mutations in the. subunit, when
transfected withs, y, andd subunits, exhibited expression
levels too low for binding studies of the shortoxin, Nmmi.
Substitution of Lys for Letf® and Hig% in the oo subunit
did not yield expression of receptor on the cell surface. The
equivalent positions on the3 subunit are determinants for
neuronal bungarotoxin binding to.352 receptors Z7).
Furthermore, the following. mutations in segment B gave
low or nondetectable expression levels: D152K, G153D,
G153K, S154A, V155K, V155D, and V156I. These residue
positions constitute a highly conserved region on neuronal

1.0

0.5+

Fraction of Maximal
Specific Binding

100 260 360 460

Min
Ficure 3: Kinetics of1?3-labeleda-bungarotoxin association with
mouse wild-type and mutant nAChRs. Association of 20tRt
labeledo-bungarotoxin with 200 pM wild-type«), aG153K @),
and aV155K (@) mutant receptors. Data are fit by a single-
exponential approach to equilibrium wit, of 4.0+ 0.5 x 108
M~1 min~1 for wild-type, 2.04 0.5 x 10®° M~1 min~1 for aG153K,
and~2.0 x 10* M~ min~* for aV155K. To ensure that equilibrium
was approached and to estimate total binding sites, binding in the
presence of higher concentrations (50 nM)'&f-labeleda-bun-
garotoxin was also measured. Equilibration é&155K could not

be assured, so the rate constant is only an estimate.

02, a3, anda4 subunits (Figure 1). Becaudénni binding

is measured by competition against the initial rate'%af
labeledo-BgTx binding, the low expression levels may be
due to decreased affinity of the lorgtoxin, a-BgTx, for

the mutant nAChRs. Therefore, we compared rates of
association of?¥-labeledo-BgTx for wild-type receptor and
the aG153K and aV155K mutant receptors (Figure 3).
Binding of the radioligand is slowed by an order of
magnitude to theaG153K mutated receptor and by ap-
proximately 3 orders of magnitude to th&/155K receptor
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Ficure 4: Free energy changes associated with mutagenesis of residues in4dbms the Nmm a-neurotoxin. (A)AAG values given

in Table 1 are compared in the figure for each mutant abthesite in black and at thed site in gray. The horizontal bars indicate the
ratio for wild-type and mutanmm. (B) Energy-minimized model oRmmi as described1() is shown with the mutated chains colored
according to their energy contribution at thg site with wild-type receptor. The concave face of the toxin, which primarily interacts with
the receptor residues, is facing the viewer.

as compared to wild-type nAChR. Although, th&153D residues proximal to and at the tip of loop Il reveals the
and aV155D mutant receptors exhibit low expression, the importance of this loop in stabilizing themm —receptor
fractional approach to equilibrium of-Bgtx association was  complex. Both the R36E and R33E mutations decrease
not appreciably slowed as compared to wild-type receptor affinity by 4 and 3 orders of magnitude at ther and a.d
(data not shown). sites, respectively (Table 1). The K27E charge reversal, also
Modification of Nmmbe-Toxin Residue®By extending our on loop Il but proximal to loop Ill, decreases affinity by
analysis from the functionally importafimmni residues, nearly 3 and 1 order of magnitude at thg and oo sites,
Lys?’, Arg®, and Lyg” to other point mutations located over respectively. The K47E charge reversal on loop Il decreases
the three loops of the-toxin concave face (Table 1, Figure affinity by nearly 40-fold at theny site with little loss in
4), we are able to define relative energetic contributions in affinity at the ad site. Mutation of Ly4’ to alanine results
forming the high affinity complex. Reversal of charges on in equivalent reductions in affinity at the two sites. Charge
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reversal of the adjacent lysine, K48E, shows a 10-fold loss the toxin—receptor complex. If the mutations do not interact,

in affinity, a change comparable to K47A at thg site but
no significant loss in affinity at thetd site.

Two positions on loop | located proximal to loop Il were
also analyzed foNmm binding. Charge reversal of E10R
did not influence affinity. However, the subtle change from
serine to threonine at position 8 decreased affinity abthe
site by 2 orders of magnitude (Table 1). Furthermore,
introduction of either a positive or negative side chain at

the two differences in standard free energies in parentheses
will be equal, because the effect of mutating the receptor
should be independent of whether the toxin is mutated (eq
3). Similarly, mutating the toxin should be independent of
the receptor mutations (eq 4). On the other hand, if the two
mutations interact, the parentheti?eG differences should
not be equal.

Specific pairs ot subunit andNmmi residues, as shown

position 8 had a dramatic effect. The S8E mutation produced by mutant cycle analysis, contribute significantly to the

a decrease in affinity at they site comparable to the R33E
and R36E mutations.

stabilization of then-toxin—receptor complex. We focused
on six mutation positions in the three subunit segments

To confirm that the S8E mutant retained the same (D99R, W149K, V188D, V188K, Y190F, Y190T, Y198E,
secondary structure and disulfide linkages, circular dichroism Y198R, D200K, D200Q) and seven mutation positions in
(CD) experiments in aqueous buffer were conducted. CD Nmml covering the perimeters of the three toxin loops (E10R,

spectra of wild-typeNmm and the S8E mutant are super-

S8E, S8K, K27E, R33E, R36E, K47E, K48E). Table 1 lists

imposable at the same concentrations and possess typicahe calculated AGr values for thewy site. The preferential

features of both long and shartneurotoxins: a maximum

binding of a-conotoxin MI to thead site 28, 29) was used

at 200 nm, a minimum at 214, and a maximum at 228 (data to distinguish binding at the.d anday sites for the single

not shown) 2).
Double Mutant Cycle AnalysiVe then applied thermo-

mutant combinations. In all cases where affinities differed,
the ay site was found to be the lower affinity site flimmi.

dynamic mutant cycle analysis to identify pairwise interac- We have considered interactions determined from mutant
tions between the subunit andNmmi and to determine free  cycle analysis to be significant if the average of at least
energy of the individual interactionA AGyr values in Table duplicate experiments showed\A Gt value of>1.5 kcal/

1). Since Columbic or electrostatic forces between point mol. Twenty mutant pairs reveal significant interactions at
charges are isotropic and can be expected to be exerted ovethe oy site. About 75% of the mutant pairs studied show
the greatest distances, we have concentrated on chargeddditive contributions, an indication that major conforma-
residue pairs and attempted to reverse the charge orientatiotional changes are not occurring in either tidoxin or the
between paired residues. receptoro. subunit due to the specific mutation.

In Table 1, we do not report theAGnt values measured
for the oo site. In several cases, the double mutants resulted
in such large overall reductions in affinity that it was not
possible to distinguish thi§p at thead interface from that
at ay. a-Conotoxin M1 protection allows one to examine
Nmmi binding to theay site withoutod interference. A more
precise approach to analyzing thé site is to conduct the
double mutant experiments with receptors expressing the
subunit in place of ther subunit. As we have previously

In the mutant cycle shown in Scheme 1, the asterisk ShOWn, Nmmi binds to theoe site with 1000-fold lower
indicates the presence of a mutation in either the receptor,&finity than to theay site (19). Therefore, changes iKo
R, or theNmni toxin, T. The loss of energyAAG, arising ~ [oF the high affinity site ina;$de receptors containing an
from substitution from wild type (wt) into mutant (mt) is subunit mutation will be due to shifts in affinity occurring

calculated from the dissociation constakb) as follows: ~ Solely at theno site. Coupling energies for the) site will
be analyzed in subsequent studies.

Scheme 1

RT ﬁ; R*T

I J

RT* \—_\ R*T*

Kp.mt Figure 5 illustrates the strong interaction between receptor
AAG =RT In — 1) residueaVal'® with a-toxin residue Arg as determined
D,wt

by mutant cycle analysis. Insertion of a positive charge at
0188 increased thKp for Nmmi by 2 orders of magnitude

The coupling energyAAGT, is defined in terms of the i ; : !
at theoy site. TheNmni toxin mutation, R36E, increased

respective dissociation constankp) of the complexes as

follows: the Kp for receptor by 4 orders of magnitude. When the
oV188K mutant receptor and R36E mutant toxin are
Krers Kg Kres Krer combined, rather than achievinda reflecting the product
AAGr =RT mW: RT"‘K—_ RT an_ of the increase in dissociation constants for the singly
RTRT RT” R(TZ) mutated complexes (i.e., an increas&jngreater than 19,
the Kp increased by only YOHence, charge reversal in the
AAG = (AG°gers — AG%Rys) — (AG®mer — AGR1) toxin residue partner restores an affinity equivalent to 3.4
©) kcal/mol to theo-toxin—receptor complex, reflecting the
contribution of a strong electrostatic interaction between
AAGr = (AG ks — AG°ger) — (AG°mps — AG®17) charged side chains on resida&98 andNmni residue 36.
(4) Interactions of Receptor ResiduweTyr!®® with o-Toxin

Residue Sér In addition to theaV188K and R36E pair, a
The G° values are standard free energies for formation of similar interaction is evident between residues at position 8
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Ficure 5: Free energy of binding determined by mutant cycle
analysis after sequential residue modificatioNamm o-toxin and
theo subunit of NAChR. (A and B) 293 HEK cells were transfected
with cDNAs encoding wild-typer or V188K subunits, along with
cDNAs for -, y-, andd subunits and binding of wild-type or R36E

Nmm was determined. The dashed line in panel B is the predicted

curve when the coupling energhAGnt) betweenaV188K and
R36E is zero. The deviation of observed affinity (B) from the

predicted by no coupling (dashed line) produces a large coupling

energy of—3.4 kcal/mol. Binding determinations fodmml toxins
were measured as the fractional reduction in the initial raté¥lef
labeleda-bungarotoxin binding in the absenceinm (kmay) Or

in the presence of the indicated amount®laim (k.ng. The curves
for the wild-type Nmm —wild-type nAChR are least-squares fits
to the Hill equation witmy = 1.0. The remaining curves are least-
squares fits to two binding sites present in equal populations.

TSSKRY198E — e TSSKth _— TSSKRY198R

A

ay AAGr=-1.2 ay AAGinr=>1.8

thth thRYl‘)SR

thRY198E

ay AAGr=-0.6 oy AAGr=-04

4
TSSERY 198E €

Ficure 6: Network of mutant cycles between toxin (T) position 8
with receptor (R) position 198. The changes in binding affinity with
each mutant are shown within each small square foroihend

oy sites.AAGyt values are in kilocalories per mole. The overall

Y
TsseRo > TsseRyiosr
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affinity at the oy site (Table 1). Furthermore, the Y198R
mutation when paired with either S8E or S8K on th#oxin
greatly destabilizes the complex resultingKp values in

the millimolar range, exceeding the practical limits of our
experimental conditions. Assuming shifts ofé4@nd 10-

fold for the combination of double mutant pairs Y198R/S8E
and Y198R/S8K, respectively, we calculated the overall
binding energy for the double charge reversal combination,
K8E/E198R. The central point in the network, the wild type
wild type pair of neutral residues, represents an intermediate
state to charge reversdfp values for the double mutant
combinations, representing the four corners of the network,
were used to calculate the coupling energy for the overall
cycle. Nearly 3.0 kcal/mol stabilization energy results at the
oy site when conversion of positive to negative charge at
position 8 on theo-toxin is paired with conversion of
negative to positive charge at position 198 ondh&ubunit.

We also constructed and analyzed a similar mutant cycle
for the overall charge reversion of the KBE/D188K. In this
case, no pairwise interaction is detected between position 8
on theo-toxin and position 188 on the subunit. This reveals

a localized interaction of loop | with the relatively large
binding surface encompassed by segment C.

Coupling Analysis for Paired Residues Based on Charge
Reversal Results from double mutant cycle analysis for the
seven toxin positions all involving charge reversal are
reported in Figure 7A. We present the data with the toxin
mutations in the sequence as they are arranged spatially on
the concave face of the-toxin, starting from loop | to loop
[ll. In addition, we report the coupling energies as negative
or positiveAAGyt values. Since we have reversed charges
on both the toxin and. subunit residues and have analyzed
overall charge reversal, directionality of the coupling energies
provides an indication as to whether the interaction results
in enhanced destabilization of the complex due to repulsion
between the residues in question (positivAGr values)
or results in increased stabilization of the complex dominated
by attractive forces (negativ&AGt values).

We have focused on four positions on tesubunit that
involve charge reversal: D99R, D188K, E198R, and D200K
(Figure 7A). At theay site, the D99R/K48E and the D200K/
R33E mutant pairs both display coupling energies-@t0
to —2.5 kcal/mol. The strongest pairwise interactions for
overall charge reversal mutations are observed for D188K
and E198R on thet subunit. Results for D188K highlight
the importance of the three loop Il residues: RrArg®?,
and Ly#’. R36E shows significant attractive coupling energy

coupling energy for K8E/E198R was calculated for the double Of —3.4 kcqllmol V\_/hen a pqsitive chqrge is inserted$8
mutant combinations shown in bold at the corners of the large at theay site. This attractive coupling energy drastically

square. At theay site, AAGnt = —2.8 kcal/mol. KBE/E198R

produces particularly large coupling energies at the two interfaces
presumably because of the enhancement of binding affinity

produced by charge reversing the mutations.

on thea-toxin with position 198 on thex subunit. Native

diminishes to—0.9 kcal/mol with conversion to a negative

charge at188. The energetic components combined for the
D188K/R36E pair translate into an overall coupling energy
of —2.4 kcal/mol. Results for R36E yielded values similar
to our previous calculated results for the D188K/R33E

residues at both positions are neutral. At each position we mutant pair, which displays 3.0 kcal/mol coupling energy
constructed positive and negative mutations. Figure 6 shows(15). The D188K/K27E charge reversal mutations result in
the network of mutations to achieve the charge reversals ofa modest;—1.6 kcal/mol coupling energy at they interface.

K8E/E198R for the interacting pairs aftoxin ando. subunit

Mutant cycle analysis for E198R is dominated by the large

mutations. Four separate mutant cycles are shown with theenergetic change at they site (~3.0 kcal/mol attractive

energy of interaction for each cycle.

energy) for charge reversal@ittoxin position 8 as mentioned

The Y198E/S8E or Y198E/S8K double mutant combina- above and shown in Figure 6. R33E does show significantly
tions result in 4 and 5 orders of magnitude decreases inenhanced coupling energy 6f3.0 kcal/mol when a positive
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Ficure 7: Analysis of the network mutant cycles for thg site (Scheme 1). (A) The residue positions in theubunit are converted from
negative to positive side chains. Thetoxin mutations invert the charge at the respective positions on the native toxin. The sequence
reflects the spatial positions of the residues extending from loop | to loop IIl. The neutral frames of reference are the residues (Val199 and
Tyr198) in the wild-type receptor. (B} subunit mutations that do not involve charge reverAdG,yr values are determined as described

by egs 2-4.

charge is inserted at198, similar to the V188K/R36E the greatest interaction energy at e site (~—3.0 kcal/
analysis. On the other hane 1.2 kcal/mol coupling energy ~ mol) upon removal of an aromatic hydroxyl at thd 90
is retained when a negative charge is inserted1®8 and position.
paired with R33E. The diminished repulsion observed for
the Y198E/R33E pair as compared to the large attraction DISCUSSION
observed for the Y198R/R33E double mutant involving  Our investigation seeks to define further the molecular
charge reversal translates into only modest couplinghb architecture of the nicotinic receptor by studying its high
kcal/mol for the overall EL98R/R33E pair. affinity interaction with an-neurotoxin of known structure.
We likewise investigated two positions on thesubunit Studies of other peptideprotein interactions with compa-
that do not involve charge reversal (Figure 7B). R33E shows rable affinities and of known structure, such as fasciculin
an electrostatic attraction ef2.3 kcal/mol coupling energy  2-acetylcholinesteras@)( barnase barnstar 16), and human
at theoy site when paired witttW149K. We previously growth hormone and its recept@q), indicate that up to 30
reported results for the four double mutant combination residues on the receptor may be within van der Waals radii
involving aY190F andaY190T with toxin mutants K27E  contact with thex-toxin, but only a fraction of these residues
and R33E 15). Here, we show that the R36E mutant shows contribute significantly to the binding energy.
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Of the several residues we have found to be determinantsloop of Nmmi and thea subunit residues V&, Tyr**°, and

on thea-toxin anda subunit, greater losses of affinity occur
at theay site upon modification of thet subunit relative to
the o site (Figures 2 and 4). TheY198R substitution is

Asp?® (15). We have extended those studies to incorporate
all three loops of thax-toxin and three domains of the
subunit and present an overall network mutant cycle analysis

the one exception and displays equal affinity changes for of the a subunit in Figure 7. These combinefAGrt

o-toxin at both thend anday sites upon mutagenesis. The

energies enable us to ascertain a preliminary orientation of

results suggest that more of the stabilization energy for the a-toxin with respect to thevy interface. Figure 8 shows

binding the nAChR-Nmmn complex is contributed from the
0 subunit interface than theinterface at the respective)
and ay sites. The smaller losses in affinity at th@ site
may indicate an accessibility difference of the two binding
sites bya-toxin as postulated by ‘®a-Briones et al.31).
Their work involving derivatization of an-toxin with bulky
cross-linking reagents suggests that the site possesses
fewer steric constraints than tlee site. Since our analysis
emphasizes charged residues, it is also possible dhat
stabilization of the complex is conferred mainly by electro-
static interactions, buttd is dominated by hydrophobic

the proposed locations ef subunit residues ang subunit
residues in relation ta-toxin residues based on coupling
energies determined for the multiple residue pairs.

Nmml Interaction with thexy Site. Figure 8A displays
linkages determined for the subunit at thexy site. AAGnt
values reveal that A significantly interacts withuval'®®
as well as withaTrp*® and aAsp?® (Figure 7A). These
results suggest that the tip of loop Il is a central contact point
within the triad ofa residues. A toxin residue three residues
carboxy terminal from Ar¢f on loop Il, Arg® likewise shows
strong coupling witheVal*® and, in addition, links strongly

interactions. The findings also suggest that the orientationswith aTyr'®°. Sef on loop I, on the other hand, is highly

of the toxin loops differ when bound at thed and ay
interfaces.
Our mutagenesis scan of thé& subunit also revealed that

influenced by the tyrosine at198. Approximately, 12 A
separates the. carbons on Sérand Argf® of Nmni based
on the crystal structure of EQ%). Here, we provide evidence

addition of charged residues in segment B reduces affinity for positioning of the nearby tyrosines, T and Ty#%,

of the a-neurotoxin-receptor complex. Probably, specific
cationic side chains in this region for the?, o3, ando4
subunits prevent binding of the short and langeurotoxins
to the neuronal nicotinic receptor (Figure 1).

Relatve Pairwise Proximities Based on Electrostatic
Interactions.To identify residues on the subunit and the
o-toxin involved in pairwise recognition, we determined the
energetic contributions foNmm binding of individual
mutations in thex subunit by thermodynamic mutant cycle
analysis. The resulting AGr values obtained are composed

of both electrostatic and nonelectrostatic contributions. By
focusing on mutant pairs involving overall charge reversal,

within this 12-A gap between loops | and Il bimmi in the
bound complex. NMR studies of-BgTx complexed with a
short peptide mimicking the region 18200 of thea subunit
previously indicated that this segment is positioned between
the first two loops of the long.-toxin (35, 36). Convincing
support is provided by the cysteine cross-linking results of
Michalet and co-workers2@) that position thea thiols:
Cyst®?—Cys'8 between loops | and Il in the showt-toxin
from Naja nigricollis framed by residues Gif Trp?°, and
Argse,

Lys?’ interacts modestly witln188 anda200 side chains
as shown in the charge reversal experiments, but otherwise,

we highlight the relative electrostatic forces between the pairs no significant linkages are observed for thigoxin residue
in question. Furthermore, relative proximities between the and theo subunit residues, supporting the proximity of Eys

residue pairs can be estimated from th&G\r values.
Schreiber and Fershii§) provide a correlation between

to they subunit. Likewise, Michalet et al2B) report very
low cross-linking reactivity between cysteine derivatives

AAGpt values obtained from mutant cycle analysis and K27C and K47C inN. nigricollis with aCys®%-Cys'®3 We

actual distances based on the crystal structure of the barnase observe moderate coupling of 4swith charge reversal at
barnstar complex. Coulomb’s law has also been used tooa99 and slightly larger coupling with L§%suggesting that
translate electrostatic energies into distances between iorloop Il of the a-toxin points away from the binding crevice

pairs in macromolecules3®). Chang et al. 33) used this

encompassing residues, 186200, but is somewhat closer

formulism and a standard dielectric constant to calculate to segment A.

interactions between a cone snail toxin and the muscie Na

Figure 8B displays linkages determined for theubunit

channel. By either method, interaction energies between 1.0(19). We reported large coupling energies betweentAag

and 1.5 kcal/mol translate into interresidue distances-& 5

the tip of loop Il andyLeu!® (—5.7 kcal/mol) and between

A. Energy values between 2.0 and 4.0 kcal/mol are in the Lys?” and yGIut’® (—5.9 kcal/mol). Also, Trg° at the y

range of 3-5 A and values>4.0 kcal/mol indicate a close
range interaction, approximately-3 A separation. Thus,
the relationship betweeNAGyr values and proximities of

interface, couples strongly to both Afgand Ly#’. Lys*”
couples only modestly withAsp*”# otherwise other charged
o-toxin residues show insignificant linkages with this residue.

paired residues provides a basis for grouping interacting Earlier cross-linking studies positiongésp*’*~9 A from

residue pairs in the toxiareceptor complex into spatial

the disulfide ato.Cys'®>—Cys'®3 (37). Thus, our combined

regions according to the extent of their energetic interactions. results are complementary to those of Michalet et 28) (
Rank ordering of these interactions should provide a more and strongly suggest that L3/sand Ly approach residues

comprehensive view of the-toxin—receptor complex and

on they (or ¢) binding face more closely tham residues

further refinements of proposed model structures of the 186—200.

receptor 13, 34).
Subunit Contributions to Nmml Bindin@ur initial studies
of the nAChR-Nmni complex using double mutant cycles

The combined information of Figure 8A,B highlights that
Arg3 of Nmmi couples strongly to bothVal'®8 andyLeutt?,
suggesting the proximity of these two residues on opposing

revealed pairwise contacts between residues on the centrafaces of theay interface where Ar§ bisects the two
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“ o
aD200 aW149 yL119

Ficure 8: Observed pairwise interactions at tig interface. In cases where charge reversal is analyzed (residues 99, 188, 198, and 200

in the a subunit and residues 55, 119, 174, and 176 injttsubunit), the residues are positioned to reflect intersite distances between
charged atoms on the respective side chains. In the remaining cases, W149 and Y190, the positions reflect intersite distances between side
chains on the wild-type.-toxin and receptor. Although a precise distance representation is not possible in two dimensions, residue positions
reflect theAAGyt values shown in Table 1. Red residuAG\t >4.0 kcal for the most proximal residue; green residueSGint =

2.5-4.0 kcal, blue, 1.52.5 kcal. (A) relation betweeNmm and theca subunit residues at they site. The concave surface Nimmi is

facing the viewer and is offset from center by 45 deg to the left. (B) Relation betiNeeri and they subunit residues. The concave

surface ofNmmi is facing the viewer and is offset from center by 45 deg to the right. XA&r values for they subunit are found in

ref 20.

subunits. Other examples exist supporting the proximity of predicted. Should the concave surface be oriented toward
the subunit fragments. Besides the measured distanc® of the membrane and the other conditions apply, then the
A betweenoCys'92—-Cys'93 and 0Asp!e or yAspt’ deter- clockwise order ofwya30, arbitrarily selected in Tsigelny
mined by Czajkowski and Karlir8{), Utkin et al. 38) report et al. (L3), would apply. Should the toxin enter the receptor
a 13-A distance betweanandé or o andy subunits based  from the channel vestibule at the apex of the receptor and
on cross-linking studies of a long-neurotoxin derivatized  the concave toxin surface interact with the channel vestibule
at loop II. In addition, Fu and Sine39) showed that one lining, then theoyaSo clockwise order would also apply.
quaternary group of dimethylHubocurarine interacts directly ~ On the basis of the dimensions of the toxin and the vestibule
with Tyr!9 on theo subunit and the second group, 10.8 A and the often observed equivalence of association rates for
away, interacts with Tyt” on they subunit. Our data also  the toxin molecules at the two sites, the vestibular portal of
reveal that Ly’ in Nmni links directly with yGIu7® but to o-toxin entry seems unlikely.
a lesser extent witlcVal'®® Both Arg*® and Ly$’ couple Determination of pairwise interactions at thé site in
modestly withaTyr'®®andy Trp>>. Arg®, on the other hand,  relation to interactions at they site constitutes the next step
links strongly toaTyr'*° as well as taxVal'®® and does not  in our analysis ofo-neurotoxin positioning at the subunit
partner with anyy subunit residues. Selikewise interacts  interfaces of NAChR. Hydrophobic forces may prevail at the
with the a. subunit predominately by linking taTyr'®® ad interface, whereas electrostatic interactions play a
Thus, Arg® which is at the tip of loop Il anchors the diminished role. Tryptophan at position 29Nimni is highly
o-toxin to both thea andy subunit surfaces, whereas the conserved in the family of curaremimetic toxins. Mutagenesis
portion of loop Il extending in the amino terminal direction studies with Ea,N. nigricollis, and a-cobratoxin have
(Lys?") interacts with the subunit and the portion extending  suggested that T#h(Nmni numbering) plays a significant
in the carboxy terminal direction (A#§), along with loop | role in the association predominately due to its aromaticity
residues interacts with the subunit. (6, 22, 23). In addition, Ly$” and to a lesser extent L3/s
Having established that the concave surface of the shortsShow large repulsive interactions with a clustenaksidues
a-neurotoxins interacts with the receptor surfagelf), then  specifically at thexd site (unpublished results). The lack of
toxin structure can be used to predict handedness of receptotnteractions of these two residues at tie site suggests a
subunit order around the pentamer. Should the toxin moleculeselective role in stabilizing the-toxin atd subunit face of
interdigitate between the subunit interfaces from the outer the ad site.
perimeter of the receptor, the tips of the three loops angle Affinity labeling and site-specific mutagenesis (for reviews
toward the membrane and the central channel, and thesee refsl2, 13, 41, and42), identification of antibody sites
concave surface orient away from the membrane, then a(21, 43), molecular dynamics modelindd, 34), and electron
clockwise circular order ofvyadp from the extracellular ~ microscopy reconstruction analysi#y all have contributed
side, as suggested by Hucho and colleagd8s (vould be to the development of a low resolution structure of the
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nAChR. Homology modeling of the extracellular domains
of the individual subunits of the nAChR based on copper
binding proteins of known crystal structure enabled us to
propose a repeating hairpin domain for a central region of
the a. subunit extending between residues 31 and 163} (
This folding pattern can be refined as residues are identified
on the two complementary faces of theandy subunits
that contribute to bindindmmi. The high affinity of the
a-toxin permits its interaction with the receptor to be studied
in detail by mutant cycle analysis. Lower affinity ligands
lack a sufficient window of specificity to permit the
quantitation of successive reductions of affinity upon muta-
tion of both the ligand and receptor. Hence, the selectivity
and high affinity arising from the large surface areas of
contact in two subunits have allowed us to orientahxin

in relation to several residues forming the surface of the
binding site at the subunit interface.
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