
Biochemistry 1993, 32, 6884-6891 

Mapping of Two “Neutralizing” Epitopes of a Snake Curaremimetic Toxin by 
Proton Nuclear Magnetic Resonance Spectroscopy 

Sophie Zinn-Justin, Christian Roumestand, Pascal Drevet, Andre MBnez, and Flavio Toma’ 
DPpartement d’lngsnierie et d’Etude des Protsines, CE-Saclay, 91 191 Gif-sur- Yvette Cedex, France 

Received December 28, 1992; Revised Manuscript Received April 1 ,  1993 

ABSTRACT: Two monoclonal antibodies, called M a l  and Ma2,3, have been previously shown to neutralize 
the toxic activity of the curaremimetic toxin a from Naja nigricollis. In this paper, we report the mapping 
of the two corresponding epitopes, using affinity chromatography and proton 2D-NMR spectroscopy. The 
H-D exchange rates of labile amide hydrogens have been measured in toxin a bound to each antibody and 
in toxin a alone. Analysis of the exchange data revealed two regions containing amide hydrogens with 
decreased exchange rates in the bound toxin compared to the free toxin. These two regions correspond to 
the sites of interaction with M a l  and Ma2,3, respectively. They are consistent with prior biochemical 
mapping studies, and they include several residues that were not previously identified. Thus, the two 
antigenic sites are found to be centered on two different loops of toxin a. Comparison of these antigenic 
sites with the active site of toxin a allows us to delineate the molecular events associated with the two 
neutralization processes. 

The sites by which proteins interact with antibodies play 
a critical role in the protection process of the immune response 
and are therefore currently the subject of extensive studies. 
The complete three-dimensional description of epitopes has 
been achieved in a few cases by X-ray diffraction [for reviews, 
see Davies et al. (1990) and Tulip et al. (1992)l. Thus, it has 
been shown that epitopes are constituted of about 15 residues 
located in several discrete segments of the polypeptide chain; 
the segments form a contiguous interaction surface as a result 
of the folding of the protein. This topographical property of 
epitopes makes their identification difficult and hence limits 
the number of mapping methods. Several approaches have 
been developed which avoid going through crystallization of 
the antibody-antigen complex. However, these methods only 
provide a partial view of the antigenic site. They include the 
use of panels of evolutionarily related proteins to identify 
immunodominant residues (Urbanski & Margoliash, 1977; 
Jemmerson & Margoliash, 1979; Benjamin et al., 1984), 
analysis of the immunoprotection of antigenic residues against 
chemical modification (Burnens et al., 1987) or proteolysis 
(Jemmerson & Paterson, 1986a,b), and mapping with syn- 
thetic peptides (Benjamin et al., 1984; Berzofsky, 1985; 
Jemmerson & Paterson, 1986a,b). Chemical modifications 
(Jemmerson & Margoliash, 1979,1981; Boulain et al., 1982; 
Trdmeau et al., 1986; Cooper et al., 1987; Collawn et al., 
1988) and site-directed mutagenesis of the protein antigen 
(Pillet, 199 1) have also been used to identify residues involved 
in the antibody-antigen interactions. 

Recently, it has been shown that proton 2D-NMR’ provides 
a means for the mapping of protein epitopes (Paterson et al., 
1990; Paterson, 1992; Mayne et al., 1992). The principle of 
the method, which has also been used to study other protein- 
protein complexes (Brandt & Woodward, 1987; Werner & 
Wemmer, 1992), is the following. Exchange behavior can be 
observed by NMR for a substantial proportion of individual 
amide and labile side-chain hydrogens; the effect of antibody 
binding is characterized by comparing the exchange rates 
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measured on the free protein and on the protein bound to the 
antibody: the protons that become protected against exchange 
by antibody shielding define the binding region of the antibody 
in the protein (Paterson et al., 1990). 

The purpose of the present work is to determine and compare 
by this approach the interaction sites of a curaremimetic toxin 
with two neutralizing antibodies. The antigen, toxin a from 
Naja nigricollis venom (Eaker & Porath, 1967), is a 
structurally well-characterized protein (Zinn-Justin et al., 
1992), which binds specifically and with high affinity to the 
nicotinic acetylcholine receptor, thus blocking the ne rve  
muscle transmission. The two neutralizing antibodies, called 
Ma1  and Ma2,3, inhibit the binding of toxin a to the 
nicotinic acetylcholine receptor (Boulain et al., 1982; Trdm- 
eau et al., 1986). They seem to act in different ways, since 
Ma1 accelerates the dissociation of the toxin a-receptor 
complex (Boulain & Mbnez, 1982), whereas Ma2,3 has no 
such effect on the dissociation rate of the complex (our 
unpublished data). Understanding of the molecular events 
that are associated with the neutralization processes requires 
the comparison and hence the delineation of both the toxic 
site and the epitopes recognized by M a l  and Ma2,3. Previous 
attempts in this respect have been made by measuring the 
receptor binding affinity of various toxin a analogs, including 
chemically modified derivatives of toxin a [reviewed in Endo 
and Tamiya (1987, 1991)] and site-directed mutants of the 
highly homologous curaremimetic erabutoxin a (Pillet et al., 
1993). Thus, it has been shown that the curaremimetic site 
essentially involves residues in loops 2 and 3 of short-chain 
curaremimetic toxins. Conversely, only a few residues of the 
M a l  or Ma2,3 epitopes have been identified (Boulain et al., 
1982; Trdmeau et al., 1986); therefore, additional evidence is 
required for the complete characterization of the antigenic 
sites. 

In this paper, we show that the interaction of toxin a with 
the M a l  and Ma2,3 antibodies affects the amide exchange 
behavior in two topographically distinct regions of the toxin. 
From these NMR data and the previous biochemical results, 
the two binding sites are described. Finally, the corresponding 
neutralization processes are discussed. 
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loop 2 
FIGURE 1: Stereoview of the average backbone structure of toxin a (Zinn-Justin et al., 1992). The black spheres represent the amides of toxin 
a whose exchange kinetics can be followed in the complex by the indirect method, provided that these amides do not fully exchange in the 
complex before the recording of the first spectrum. They correspond to protons which do not fully exchange between the end of the exchange 
time in the complex and the beginning of the recording of the NMR signal, Le., to protons with a kinetic constant (kat.) lower than 1/60 m i d  
at pH 3.5 and 283 K. 
MATERIALS AND METHODS Hydrogen Exchange of Antibody-Bound Toxin a. One 

hundred milligrams of monoclonal antibody was coupled to 
Materials 20 mL of Hydrazide Avidgel (Interchim); the Hydrazide 

Toxin a was purified from Naja nigricollis venom (Institut Avidgel allowed oriented FC region specific attachment of 
Pasteur, Paris, France) as previously published (Fryklund & antibodies to the gel Phase. Eight milligrams oftoxin a was 
Eaker, 1975). Preparation of the monoclonal antibodies M a l  loadedontotheantibody Co~Umn. Unbound toxin was removed 
and Ma2,3 (IgG2a subclass) has been described by Boulain by COPiOUSlY washing the column with potassium Phosphate 
et al. (1982) and by Tr6meau et al. (1986), respectively. The buffer (50 mM KH2/K2HP04 at PH 7.4). About 7 mg of 
immunization was achieved by injecting increasing doses of antigen remained fixed to the antibodies. 
toxin a into mice. The fusion procedure was carried out In order to initiate exchange, the column was rapidly washed 
according to KBhler and Milstein (1975). The resulting (1 mL/min) with 3 dead volumes of 50 mM KD2/KzDP04 
monoclonal hybridoma cells which produced antitoxin a were at pH 7.4 and was incubated at 283 K during periods of time 
grown intraperitoneally in mice. Antibodies were purified ranging from 1 to 24 h. Ten minutes before the end of the 
from ascitic fluids by affinity chromatography on a toxin incubation, thecolumn was washed with a low-capacity buffer 
a-sepharose column. (1 mM KDz/KzDP04 at pH 7.4). The toxin was then eluted 

Deuterium oxide, DC1, NaOD, and deuteriated acetic acid in about 10 mL of 0.2 M acetic acid at  pH 2.5 and 277 K and 
were from CEA (99.98 atom 9% D). Fifty millimolar K2D/ was immediately lyophilized. The fraction was redissolved in 
KD2PO4, pH 7.4, was obtained by dissolving the salt in DzO, 1 mL of DzO, its pH was eventually readjusted to 3.5 with 
lyophilizing the solution, redissolving the salt in D20, and microliter amounts of DCl or NaOD, and the fraction was 
adjusting the pH to 7.4 with microliter amounts of dilute DC1 again immediately lyophilized. The procedure was repeated 
or NaOD. The pH of deuteriated solutions was measured for seven different exchange times: 1, 2, 3, 5 ,  8, 16, and 24 
without correction of the isotopic effect. h. The same column was used for the seven experiments. 

Finally, each sample was analyzed by 2D-NMR 
spectroscopy: the fraction was redissolved in DzO, and an Methods 

Hydrogen Exchange Of Free Toxin a. Proton4xterium absolute value COSY spectrum was immediately recorded at 
exchange ofamide groups was Studied on a 7 mM Sample of 283 K on the Bruker AMX600 spectrometer. The experiment 
toxin a lyophilized from HzO and redissolved in D20, pH 3.5. consisted of 64 scans of 1024 complex data points covering 
The exchange kinetics of the individual protons was followed a spectral width of 7812.5 HZ for 256 tl  increments. Total 
with time at 283 K by 2D-NMR absolute-value COSY acquisition time was 4 h, 11 min, 

Peak volumes were measured for the resolved (NH,CaH) experiments (Aueet al., 1976;Nagayamaet al., 1980) recorded 
On a Bruker spectrometer' Each experiment cross peaks, and the exchange rates (khund) were determined 

a spectral width of 7812.5 Hz for 256 t1 increments. Total time. A protection factor, ~ = kfrw/kbund, was finally acquisition time was 25 min, so that spectra could be recorded calculated for each amide in both complexes. 
every 30 min during 24 h. Exchange rates (koh) were 
determined by a least-squares fit of the exponential decay of RESULTS 
the (NH,CaH) peak volumes as a function of time. 

The same method was applied to calculate proton4euterium 
exchange rates (kfrcc) on a sample of toxin a redissolved in 
50 mM K2D/KD2PO4, pH 7.4, at  283 K. 

consisted of eight Scans of 1OZ4 complex data points covering from their exponential decay as a function ofthe H-D exchange 

Frame of the Study. As shown by the previous 2D-NMR 
study of toxin a (Zinn-Justin et al., 1992), the (NH,CaH) 
cross peaks corresponding to most amide protons are well 
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separated; therefore, the individual exchange kinetics could 
be followed in free toxin a by recording the 2D-NMR spectra 
directly and continuously while exchange was in progress. 
Since the first NMR experiment was started a few minutes 
after the toxin was dissolved in DzO, the kinetic constants of 
relatively fast exchanging protons (Le., l / k  > 15 min) could 
be measured. The same experiments were not feasible directly 
on the antibody-toxin complex. Therefore, an indirect 
approach was used to study the exchange in the toxin bound 
to the antibody: after exchange had occurred in the complex 
at pH 7.4 for different periods of time, spectra corresponding 
to the different exchange times were recorded on toxin a alone 
at low pH in order to minimize further exchange. The two 
approaches have been shown to yield comparable kinetic 
constants (Werner & Wemmer, 1992). However, theindirect 
method does not allow the observation of protons that fully 
exchange during the time period corresponding to the elution 
of the toxin from the complex and the preparation of the 
NMR sample. Thus, in this method, the observable protons 
are limited to those of the amides that are not fully exchanged 
after 1 h at pH 3.5 and 283 K. 

Analysis of the exchange data at  pH 3.5 and 283 K showed 
that 32 amides have a kinetic constant (kOb) such that l /kob 
> 60 min. As illustrated in Figure 1, the 32 amides are widely 
distributed throughout the whole toxin; thus, information on 
the epitopes is potentially accessible in the entire structure. 
More precisely, eight of these amides are in loop 1, fourteen 
are in loop 2, five are in loop 3, and five are in the C-terminal 
part of the molecule. They are predominantly found in the 
@-sheet regions of the toxin and are rarely found at positions 
i ,  i + 1, and i + 2 of turns, Le., at the tips of the loops of the 
toxin. It must be stressed that none are found at the tip of 
loop 2. In the following, we will only refer to these 32 amides 
which can be observed by the indirect method. 

Exchange Measurements in the Free Toxin. The H-D 
exchange rates in free toxin a have been measured at pH 7.4 
and 283 K, in order to further compare them to the exchange 
rates measured under the same conditions in the toxin bound 
to the antibody. Among the 32 potentially observable amides, 
19 are still observable after 15 min of exchange at pH 7.4 and 
283 K. However, exchange rates could be measured only for 
12 of them (Table I). The seven remaining amides, corre- 
sponding to C3, H4, C23, Y24, K26, E37, and C54, are totally 
unexchanged during the longest incubation time: obviously, 
they do not constitute appropriate probes for the investigation 
of a H-D exchange slowing associated with complex formation. 
Only an increase of their exchange rates might be observed 
upon complex formation and thus might provide structural 
and dynamics information on the complex. 

Exchange Measurements in the Antibody-Toxin Com- 
plexes. Figure 2 presents COSY spectra of toxin a recorded 
after incubation with M a  1 and Ma2,3 over two different times. 
Each spectrum shows numerous cross peaks that are not 
observed in the spectrum of the free toxin recorded at  the 
same exchange time. These additional peaks result from 
antibody binding. They correspond to different residues 
according to the antibody which binds toxin a. The curves 
in Figure 3 illustrate more quantitatively the difference of 
exchange behavior between the amides in the Mal-bound 
toxin and the amides in the Ma2,3-bound toxin. Thus, the 
exchange of the amide of N5 is slowed when the toxin binds 
to M a l ,  whereas it is not affected when the toxin binds to 
Ma2,3. In contrast, the amide of R38 exchanges more slowly 
when the toxin is bound to Ma2,3 compared to the toxin in 
the free state or when bound to M a l .  

Table I: H-D Exchange Rates of the Amide Protons in Free Toxin 
a (kfm), in Toxin a Bound to Mal (kl), and in Toxin a Bound to 
Ma2.3 (kz.3)" 
residue l/kfm (min) llk2.3 (min) 72,s Ilk1 (min) T I  

N5 110 120 1 >10000 >92 
30 4300 143 <60 <2 

140 1110 8 6490 46 
4 6  
T13 
K15 100 3060 31 >10000 >lo0 
K25 200 3060 15 1120 6 
V27 50 1540 31 60 1 
W28 2980 >10000 >3 7550 3 
135b <15 1460 >97 70 >5 
136b <15 530 >35 70 >5 
R38 30 1740 58 70 2 
G41b <15 110 >7 <15 
N52b <15 30 >2 <15 
T56 100 210 2 260 3 
K58 30 280 9 1730 58 
c 5 9  30 4140 138 <60 <2 
N60 110 100 1 460 4 

Residues with measurable kinetic constants under the exchange 
conditions (pH 7.4, 283 K) are listed. Their protection factors T I  and 
T23 are calculated in the two complexes. Seven amides remained 
unexchanged after 24 h in the free and the bound toxin; they correspond 
to residues C3, H4, C23, Y24, K26, E37, and C54. The other amides 
exchangetoofasttobeobservableinthefreeandtheboundtoxin. Amide 
protons totally exchanged in less than 15 min in the free toxin. 

The data in Figure 3 also illustrate the quality of the H-D 
exchange data generally obtained. The exponential fit 
obtained for all thecurves corresponds to an average correlation 
coefficient of 0.953 (root mean square, 0.062; allowable error, 
0.01%). The errors on the values of the exchange rates 
essentially depend on the signal/noise ratio corresponding to 
the NMR spectra. In order to take into account these errors, 
only protection factors larger than 10 were considered for 
assigning protected amides. 

Twenty three out of the 32 potentially observable amides 
are still observable in at least one complex after 1 h of exchange 
at pH 7.4 and 283 K. Seven of these amides, corresponding 
to C3, H4, C23, Y24, K26, E37, and C54, are totally 
unexchanged after the longest incubation time in both 
complexes. They were already found to be unexchanged under 
the same conditions in the free toxin, and therefore no 
protection factor could be calculated for them. Table I 
summarizes the results found for the 16 remaining amides. 
Antibody binding dramatically reduces the H-D exchange 
rates of some amides, with protection factors larger than 100. 

H-D Exchange in Mal-Bound Toxin. The amides of N5 
and K15, which show measurable exchange rates in the free 
toxin, remain unexchanged up to the longest incubation time, 
Le., 24 h, in the Mal-toxin complex (Table I). Therefore, 
only lower limits to their protection factors could be calculated. 
Theselimits equal 92 for N5 and 100 for K15. Twoadditional 
amides show significant protection factors in the Mal-toxin 
complex (Table I), i.e., those of T13 (71 = 46) and K58 ( T I  

= 58). Lastly, no conclusion can be drawn as to the protection 
of the amides of I35 and 136: only a lower limit of 5 could 
be obtained for their protection factors. Thus, four amides 
are clearly protected by Mal :  three of them (N5, T13, K15) 
are found in loop 1, and the last amide (K58) is found in the 
C-terminal part of the polypeptide chain (Figure 4a). K58 
is close to the region defined by the three other residues: its 
side chain makes van der Waals contacts with amino acids of 
the upper part of loop 1. 

Table I also displays several amides which are clearly not 
significantly protected by the antibody. First, the exchange 
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FIGURE 2: Fingerprint region of 2D J-correlated spectra of toxin a recorded after 1 h (a) and 16 h (b) of H-D exchange in the presence of 
M a 2 , 3  (left) or M a l  (right). The cross peaks labeled by boxed names are not observed in the spectrum of the free toxin recorded at the same 
exchange time; these cross peaks result from antibody binding. 

of the amides of 4 6  and R38 is not slowed upon antibody 
binding. Thus, the contact region between loop 1 and loop 
2 (Figure 4a) is not involved in the binding to M a l .  Second, 
the amide exchange of K25, V27, and W28 is not significantly 
perturbed by the binding. Thus, the central part of loop 2 
(Figure 4a) does not contribute to the epitope. Finally, since 
the amides of T56, C59, and N60 are not protected by Mal ,  
most of the C-terminal chain (Figure 4a) is not involved in 
the interaction. 

H-D Exchange in Ma2,3-Bound Toxin. In the Ma2,3- 
toxin complex, eight amides show a protection factor larger 
than 10 (Table I). They correspond to 4 6  and K15 in loop 
1; K25, V27, 135, 136, and R38 in loop 2; and C59 in the 
C-terminal part of the polypeptide chain (Figure 4b). 
Interestingly, none of these amides remains totally unex- 
changed during 24 h. For three additional amides, i.e., W28, 
G41, and N52, only lower limits of the protection factors 

could be obtained, equal to 3, 7, and 2, respectively (Table 
I). Thus, no conclusion can begiven regarding their protection. 
However, the proximity of highly protected protons around 
the amide of W28 allows us to suggest that this amide belongs 
to the epitope. Figure 4b shows that most protected amides 
are located in the central part of loop 2. Loop 1 and the 
C-terminal chain also contain protected amides corresponding 
to 46 ,  K15, and C59. As illustrated in Figure 4b, the amide 
of 4 6  is located at the limit of the @strand of loop 1 which 
forms a short @-sheet with a @-strand of loop 2; it makes van 
der Waals contacts with R38 in loop 2. In contrast, K15 and 
C59 are not involved in direct interactions with loop 2 and are 
farther in space from the other residues. 

Table I displays protection factors ranging from 1 to 10 for 
the amides of N5 and T 13 in loop 1 and for the amides of T56, 
K58, and N60 in the C-terminal chain. Thus, the central 
part of loop 1 (Figure 4b) does not contribute to the epitope. 
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FIGURE 3: H-D exchange kinetics for the amide protons of N5 and 
R38 in free toxin a (e), in Mal-bound toxin a (m), and in Ma2,3- 
bound toxin a (A). The normalized volumes for the COSY (NH- 
CaH) cross peaks are plotted as a function of the H-D exchange 
time. 

Similarly, most of the C-terminal chain (Figure 4b) is not 
involved in the interaction. 

DISCUSSION 

Interpretation of the Exchange Data. The exchange 
experiments were performed under well-defined pH and 
temperature conditions. A pH close to 7 was optimal for the 
binding of toxin a to the antibodies. The temperature was 
relatively low, so that the H-D exchanges of a substantial 
number of amides were sufficiently slow to be followed by the 
NMR approach used here. Furthermore, we have chosen a 
pH close to that of physiological conditions and a temperature 
which is more than 50 'C below the midpoint of thermal 
denaturation of the toxin, in order to minimize the contribution 
of cooperative unfolding to the exchange kinetics (Woodward 
et al., 1982; Tuchsen & Woodward, 1987). As a consequence, 
the H-D exchange experiments are expected to reflect the 
properties of the folded state, and the mechanisms of exchange 
in both the free and the bound toxin should involve only a low 
activation energy process (Woodward et al., 1982). Several 
models for this process have been proposed, including the 
local unfolding model (Englander, 1975; Englander et al., 
1980), the mobile defect penetration model (Lumry & 
Rdsenberg, 1975), the expansile cavity model (Richards, 
1979), and the multistates model (Wagner & Wiithrich, 
1979a,b). These models have been discussed in several reviews 
and papers (Woodward & Hilton, 1979; Banksdale & 
Rosenberg, 1982; Woodward et al., 1982; Englander & 
Kallenbach, 1984; Tuchsen & Woodward, 1985a,b, 1987). It 
is now widely agreed that the twomain factors which influence 
hydrogen exchange are solvent proximity, i.e., proximity of 
the amide nitrogen to the surface of the protein, and hydrogen 
bonding in the main chain, particularly in a-helices and 

loop I 

loop 2 

loop 3 

loop 2 
w 

FIGURE 4: Spatial distribution of theamides (blackspheres) protected 
from hydrogen exchange by the interaction with M a l  (a) and Ma2,3 
(b). The side chains displayed in bold have been described as being 
critical for the binding to the antibody on the basis of chemical 
modification experiments [reviewed in M h e z  et al. (1992)l. The 
average backbone structure of toxin a is from Zinn-Justin et al. 
(1992). Alltheamideprotonsandcarbonyloxygensofthepolypptide 
chain are represented. Hydrogen bond acceptors are the main-chain 
carbony1 oxygens of the opposite strand of the @-sheet structure for 
the protected amides corresfionding to residues NS and K15 in panel 
a and residues K15, K25, V27, and I35 in panel b. They have not 
been clearly identified for the other protected amides (Zinn-Justin 
et al., 1992). Notice that the orientation of toxin a is different in 
(a) and (b). 

@-sheets. I t  must be stressed that these two factors are sensitive 
to the fluctuation of the structure, which enables buried 
hydrogens to make contact with solvent molecules or which 
may involve a transient breaking of hydrogen bonds. 

In our case, no increase of H-D exchange rates has been 
observed in the Mal-toxin and Ma2,3-toxin complexes. This 
argues for the preservation of the @-sheet structure in toxin 
a and thus for the absence of substantial conformational 
changes in the three-dimensional structure of toxin a upon 
binding to the antibodies. Under these conditions, each of the 
above two factors predicts that labile protons at  the surface 
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antibody complexes with macromolecular antigens (Amit et 
al., 1986;Sheriff et al., 1987; Colmanet al., 1987,1989; Padlan 
etal., 1989;Bentleyetal., 1990;Tulipetal., 1992). However, 
it must be noticed that not all of the proposed side chains are 
necessarily involved in a direct interaction with the antibody. 

Ma2,jl-Toxin a Interaction Site. The epitope recognized 
by Ma2,3 is centered on loop 2 (Figure 4b). Loop 1 and the 
C-terminal chain also contain protected amides which cor- 
respond to 46,  K15, and C59. Among these residues, 4 6  
makes contact with loop 2. Conversely, K15 and C59 are not 
involved in direct interactions with loop 2 and are farther in 
space from the other residues. The high protection factors of 
K15 and C59 may be due to a change in the flexibility of the 
toxin upon binding to Ma2,3. In fact, in our previous work 
(Zinn-Justin et al., 1992), C59 and K15 have been found to 
belong to the most highly constrained region of toxin a, Le., 
the disulfide region. C59 is directly involved in a disulfide. 
K15 is the residue opposite C3 in the double-stranded @-sheet 
of loop 1; thus it shares two hydrogen bonds with C3, which 
is involved in a disulfide. As described by Mayne et al. (1 992), 
a reduced flexibility of the epitope due to antibody binding 
may spread into adjacent highly stable parts of the structure, 
i.e., in our case, the disulfide region, and thus decrease the 
amide exchange rates of K15 and C59. It is more difficult 
to discuss the role of loop 3 in the binding. Indeed, only five 
amides of loop 3 are potentially observable in the complex. 
Four of them, i.e., the amides of T44,149, K50, and L5 1, are 
not observed after 1 h of exchange in the bound toxin. This 
simply means that the central part of loop 3 is not totally 
inaccessible to the solvent due to the antibody. The fifth 
observable amide in loop 3 corresponds to N52. Only a lower 
limit of 2 characterizes the protection factor of this residue, 
for which no conclusion can be drawn. 

Chemical modification experiments (TrCmeau et al., 1986) 
have indicated that the side chains of Y24, K26, and W28 in 
loop 2 and K46 in loop 3 are critical for the binding to Ma2,3. 
All these side chains are oriented toward the concave side of 
the toxin (Figure 4b). Thus, the biochemical results indicate 
the side of the @-sheet of loop 2 which is involved in the 
interaction with the antibody: the binding site should be 
centered on the concave side of loop 2. It has also been shown 
that the Ma2,3-toxin interaction was not affected by chemical 
modifications at the NH2 terminus and at K15 in loop 1 
(TrCmeau et al., 1986). This supports the proposition that 
the high protection factor of K15 is due to a change in the 
flexibility of the toxin upon binding to Ma2,3. 

Thus, the surface of toxin CY recognized by Ma2,3 consists 
essentially of a group of side chains which are located in the 
region mapped in this study (Le,, the central area of loop 2 
and parts of loops 1 and 3 in contact with this area) and 
oriented toward the concave side of the toxin as indicated by 
the biochemical studies (Figure 5c). This group includes the 
side chains of Y24, K26, W28, 135, and E37 in the central 
part of loop 2, the side chain of 4 7  in loop 1, which interacts 
with E37, the side chain of I49 in loop 3, which interacts with 
W28, and the side chain of K46, which interacts with 149. 
Figure 5c shows that these side chains form a continuous 
solvent-accessible surface. It should be noticed that not all 
of them necessarily interact directly with the antibody. 

The resulting epitope includes one-half of the hydrophobic 
residues of toxin a (Zinn-Justin et al., 1992). Thus, hydro- 
phobic interactions with the side chains of Y24, W28, 135, 
and I49 might be essential for the stabilization of the Ma2,3- 
toxin complex. Electrostatic interactions with the side chains 
of E37, K26, and K46 might also be involved in the binding. 

The summed solvent-accessible surface (Lee & Richards, 
1971) of the proposed side chains covers 550 Az. This value 
is somewhat smaller than the mean surface of the crystal- 
lographically determined epitopes in antibody complexes with 
macromolecular antigens (Amit et al., 1986; Sheriff et al., 
1987; Colman et al., 1987,1989; Padlan et al., 1989; Bentley 
et al., 1990; Tulip et al., 1992). However, no infor- 
mation has been obtained on the adjacent tip of loop 2 (Figure 
1). Interestingly, if this region is assumed to be involved, at 
least partly, in the interaction, i.e., if some of the side chains 
of D30, H31, and R32, which are found on the concave side 
of the tip of loop 2, are involved in the binding, the resulting 
antigenic surface yields the usual value. 

CONCLUSION 

The measurement of proton exchange rates in two antibody- 
toxin a complexes allowed us to define a number of residues 
buried by the interaction with the antibodies and thus to obtain 
a general picture of the two epitopes. Eight side chains are 
proposed to participate in the epitope of each complex. These 
side chains belong to residues that are widely spread in the 
sequence but are brought together in space as a result of the 
protein folding. The resulting antigenic sites are centered on 
loop 1 (Mal)  and loop 2 (Ma2,3) of toxin a, respectively. 
They may be compared to the toxic site of toxin a as defined 
by various biochemical evidence. 

Several experiments, based on measurements of the binding 
affinity of toxin a analogs for the nicotinic acetylcholine 
receptor, have shown that the toxic site of short-chain 
curaremimetic toxins is essentially located in loops 2 and 3, 
with the side chains of critical residues pointing toward the 
concave side of the molecule [reviewed in Endo and Tamiya 
(1987,1991) and Pillet et al. (1993); see Figure 5b,d]. Thus, 
the epitopes recognized by M a l  and Ma2,3 are located 
differently with respect to the toxic site (Figure 5) .  This 
appears to be related to the fact that M a l  and Ma2,3 
neutralize the toxin in two different ways. 

M a l  has been shown to accelerate the dissociation of the 
toxin-receptor complex (Boulain & Mhez,  1982). Our work 
shows that the binding site of M a l  is distinct from the 
presumed toxic site (Figure 5a,b). Thus, the model of Boulain 
et al. (Boulain et al., 1982; Boulain & M€nez, 1982), in which 
M a l  binds to the receptor-bound toxin, forming a transient 
ternary complex that destabilizes the toxin-receptor complex, 
finds here a structural support. Furthermore, the present 
NMR data indicate that no relevant changes occur in the 
three-dimensional structure of toxin a upon binding to M a l .  
Thus, if conformational changes due to M a l  binding are the 
reason for the accelerated dissociation of the toxin-receptor 
complex, these changes must be subtle. One may notice that 
different amides located in the central part of loop 2, Le., 
those of K25,135, and 136, show protection factors between 
5 and 10. Although these values are difficult to interpret, the 
proximity of three low-protected amides in the three- 
dimensional structure of toxin a seems to indicate that the 
central part of loop 2 undergoes a change of flexibility upon 
binding to Mal .  

Interestingly, Ma2,3 has no effect on the toxin-receptor 
complex (our unpublished results). Moreover, the present 
work shows that the binding site of Ma2,3 in toxin a is centered 
on the concave face of loop 2 (Figure 5c): contrary to the 
M a l  epitope, the Ma2,3 epitope covers most of the presumed 
toxic site of short-chain curaremimetic toxins (Figure 5d). 
Thus, the Ma2,3 neutralization process is clearly based on 
mutual exclusion of Ma2,3 and the receptor at the surface of 
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toxin a. It should be stressed that amino acids of the concave 
side of loop 2 are highly conserved in short-chain curaremimetic 
toxins. This finding is consistent with the fact that Ma2,3  
neutralizes all tested short-chain curaremimetic toxins (Tr6m- 
eau et al., 1986). 
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