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S U M M A R Y  

IH NMR has been applied to a 3.5 raM, pH 5.4, solution of toxin I l l  (64 amino acids) from venom of the 
scorpion Androctonus  australis Hector. The resonance assignment strategy began by applying a generalized 
main-chain directed method for rapid identification and resonanc~ assignments of secondary structures. The 
remaining resonances were assigned by the sequential method. Major structural features include a helix of 2½ 
turns (residues 20-28) which is linked by two disulfide bridges to the central strand of a triple-stranded anti- 
parallel 13-sheet. Turns were identified at residues 15-17, 47-49 and also at residues 51-53. Numerous NOEs 
have been observed between hydrophobic residues which suggest the presence of  a hydrophobic core; these 
include Leu 37, Leu 23, Va147, Tyr 14, Trp 4~ and Tyr 5. The Trp 4s and Tyr 5 rings lie orthogonal to one another. No 
crystal structure has been solved for this AaH III toxin. Comparisons are made with other members of the 
scorpion toxin family. 

I N T R O D U C T I O N  

The  venom o f  scorp ion  is well k n o w n  to con ta in  a complex  mixture  o f  toxins.  These  toxins  can 

d i sp lay  var ious  degrees  o f  toxic i ty  t owards  different  an imal  classes ( M i r a n d a  et al., 1970; Wa t t  

* To whom correspondence should be addressed. 
** Current address: Bio-M~ga Inc., 2100 rue Cunard, Laval, Qu6bec, Canada H7S 2G5. 
Abbreviations: NOE, nuclear Overhauser effect; NOESY, 2D NOE spectroscopy; DQF-COSY, double-quantum filtered 
correlated spectroscopy; HOHAHA, homonuclear Hartmann-Hahn spectroscopy; MCD, main-chain directed; AMX, 
spin system of three different protons; AaH, Androctonus australis Hector; CsE, Centruroides sculpturatus Ewing. 

The nomenclature used is similar to that described by Wiithrich, 1986. 
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and Simard, 1984; Zlotkin et al., 1972a,b). Those which are preferentially directed towards mam- 
mals have been classified into two families according to their different pharmacological activities 
and binding sites (Couraud et al., 1982). The a-toxins, like toxin II of Androctonus australis Hec- 
tor, bind in a voltage-dependent manner to the sodium channels of excitable membranes and thus 
prolong inactivation of sodium current. The 13-toxins, like toxin II of Centroides suffusus suffusus, 
bind in a voltage-independent manner and enhance activation of inward sodium current (Catte- 
rall, 1977; Couraud et al., 1982; Wang and Strichartz, 1982; Darbon et al., 1983; Wheeler et al., 
1983; Meves et al., 1984). Sequence homologies between the two families along with secondary 
structure prediction studies (Fontecilla-Camps, 1980; Fontecilla-Camps et al., 1988; Mikou et al., 
unpublished) suggest that there are structural features in common. Indeed, the crystal structures 
solved for CsE-v3 (variant 3 from Centruroides sculpturatus Ewing, Fontecilla-Camps et al., 1980) 
of the 13-family and for AaH II of the a-family show common structural themes. The overall glo- 
bal folds are similar. Both have an antiparallel sheet, helix and three of four disulfide bridges in 
common. Some structural differences exist which may be responsible for the evolutionary diver- 
gence'in activity. As expected, these are located at regions where the sequences differ. This is most 
notably apparent for the orientation of the loop protruding from the dense core and the C-termi- 
nal stretch of AaH II as compared to the corresponding regions in CsE-v3 (Fontecilla-Camps et 
al., 1988). 

In order to better understand the structure-function relationships of the toxins, it would be in- 
teresting to make further structural comparisons between and within the toxin families. We plan 
to determine, by NMR and molecular modelling, the 3D solution structure of the toxin III of An- 
droctonus australis Hector, which belongs to the a-family. In this paper, we present the first part 
of the project where the ~H NMR assignments of the AaH III toxin have been completed and sec- 
ondary structures and some global fold features are discussed. 

MATERIALS AND METHODS 

Toxin AaH III was isolated and purified from the scorpion venom of Androctonus austral& 
Hector as described by Miranda et al. (1970) with recent modifications (Martin and Rochat, 
1986). Its amino acid sequence has.been determined previously (Kopeyan et al., 1979; Bougis et 
al., 1989). The 3.5 mM protein solution was unbuffered and contained 15 mg in 0.6 ml of either 
90% H20/10% D20 or 99.996% D20 at pH 5.4. 

IH NMR spectra were recorded on Bruker AM600 andAM400 spectrometers and were pro- 
cessed on an Aspect 3000 computer. Some spectra were processed on a laVAX using the GIFA 
software which was developed in our laboratory-)(Delsuc, Robin and Stoven, unpublished). 
NOESY spectra (Jeener et al., 1979; Macura et al., 1981) and DQF-COSY spectra (Shaka and 
Freeman, 1983; Rance et al., 1984) were recorded in D20 at 25°C with 100, 150 and 300 ms mixing 
times for the NOESY experiments. Spectra taken in 90% H20/10% D20 include DQF-COSY at 
25°C, NOESY (125, 150 and 300 ms mixing times) and HOHAHA spectra (13, 38, 50 and 70 ms 
spinlock times) (Braunschweiler and Ernst, 1983; Davis and Bax, 1985) were taken at 15, 25, 35, 
and 45°C. The large water resonance was suppressed by presaturation during the relaxation delay; 
for NOESY experiments presaturation was also applied during the mixing time. Spectra were ac- 
quired with 2 K data points in t2 and 512 points in tl with spectral widths of 8024 Hz at 600 MHz 
and 5000 Hz at 400 MHz. All 2D spectra were recorded in pure phase absorption mode using the 
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time-proportional phase incrementation method (Redfield and Kuntz, 1975; Marion and 
W/ithrich, 1983). H O H A H A  and N O E S y  data wer e apodized using a shifted cosine function in 
both dimensions; a pure sine function was applied to DQF-COSY data. All data were zero-filled 
in t 1' before Fourier transformation. DQF-COSY data were additionally zero-filled in t2. 

RESULTS 

Proton resonance assignments were determined by a strategy which includes three steps. The 
first consists of  taking DQF-COSY,  NOESY and H O H A H A  spectra in D20.  This is mainly to 
distinguish resonances of  nonlabile protons from those of  labile protons. The second step involves 
applying a generalized M C D  (main-chain directed) method for rapid identification and resonance 
assignment of the antiparallel 13-sheet and helix secondary structures. The remaining resonances 
are assigned in the third step by the classical sequential method. 
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Fig. 1. The full HOHAHA spectrum at 600 MHz (70 ms and 25°C in H:O) of AaH II1 scorpion toxin. Specific regions of 
interest are shown in boxes and labeled with letters• 
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Step I 

IH NMR spectra taken in H20 contain the resonances of nonlabile and most labile protons of 
the protein. After lyophilization and subsequent addition of D20 solvent, the labile protons ex- 
change.d completely with deuterium within a few hours. The remaining resonances in the low-field 
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Fig. 2. Shown is a 400 MHz NOESY (150 ms) subspectrum of the al l ,  NH and aromatic resonances of AaH ]]] in H20 
at 25°C. The characteristic signature of one inner loop begins at the aH-ctH cross peak (peak I ). The characteristic MCD 
inner pattern for the antiparalle113-sheet shown as thick lines in A, corresponds to peaks 1, 2, 3, 4 and 5 shown in B. Cross 
peaks enclosed by a small square in B are also found as DQF-COSY cross peaks. 
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region were then easily identified as the nonlabile aromatic protons. DQF-COSY and HOHAHA 
spectra in D20 allowed identification of the individual aromatic spin systems (see Wi.ithrich, 
1986). Those resonances which had disappeared in D20 solvent could be classified as main-chain 
amide protons and labile protons of aromatic and side-chain asparagine, lysine and arginine resi- 
dues. The furthest downfield resonance at 10.05 ppm in H20 solvent (Fig. 1) could be assigned as 
the labile N~H proton of the single tryptophan residue due to its uniqiae chemical shift (WiJthrich, 
1986). 

Step H 

The second step in the assignment strategy entails identification and assignment of secondary 
structures. The generalized MCD method described elsewhere (Saudek et al., 1989; LaPlante et 
al., 1990) begins by locating MCD patterns (Di Stefano and Wand, 1987; Englander and Wand, 
1987) which represent the characteristic NMR cross-peak signature of antiparallel 13-sheets and 
helices. One advantage of this approach is that pattern searches focus directly on spin systems of 
residues involved in the secondary structures. This differs from the classical MCD strategy 
(Englander and Wand, 1987) where the NH-ctH-13H spin systems of all residues need to be identi- 
fied before conducting searches for MCD patterns. 

A n tiparallel fl-sheet 
The generalized MCD approach for antiparalle113-sheets begins by locating the readily appar- 

ent ctH-ctH NOESY cross peaks. These key cross peaks, which often are located dowrtfield of the 
solvent resonance, allow targeting of spin systems of residues which are involved in the sheet. For 
example, Fig. 2B shows an al l -al l  cross peak (peak 1) with its corresponding rectangle of alter- 
nating strong (peaks 3 and 5) and weak cross peaks (peaks.2 and 4) in the NH-ctH region. This is 
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Fig. 3. Schematic representation of the triple-stranded antiparallel I]-sheet of AaH III. The three strands (denoted as 
STR.) are indicated in A. The dashed lines show the inner loop MCD patterns as discovered from the NOESY spectrum 
of Fig. 2. The thick lines represent discovered NOEs and/or DQF-COSY cross peaks. Other important interstrand NOE 
connectivities are indicated by double-headed arrows. Amino acid assignments of the sheet are given in B. 
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the inner loop MCD pattern within the antiparalle113-sheet shown in Fig. 2A. In all, an extensive 
combination of DQF-COSY and NOESY cross peaks was found from spectra taken in H20 and 
D20 which could be represented as interconnecting full loop MCD patterns as shown in Fig. 3. 

Once the loop patterns were discovered, they were then assigned to specific residues of the pri- 
mary structure (Fig. 3B). The task was much simpler than imagined. Rather than having to define 
the complete spin systems of all the residues within the sheet, only the readily determinable spin 
systems such as valine, isoleucine, leucine, alanine and glycine had to be unequivocally identified. 
The remaining residues were classified as AMX (denoted as '*') or long chain (denoted as ' + ') 
spin systems. As a result, the three strands of the sheet were found to match peptide segments of 
the primary structure of AaH III scorpion toxin. For example, strand l (STR.l of Fig. 3) was 
shown to consist of a peptide sequence of [( + )-(*)-(Gly)-(*)]. This was found to uniquely match 
[ArgLAspLGly4-Tyr 5] in the toxin sequence. In a similar manner for strand 2 (STR. 2 of Fig. 3), 
a sequence of [(Ala)-(*)-(*)-(*)-(Val)-(Ala)-(Leu)] was found to uniquely correspond to [Ala 4L 
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Fig. 4. Shown is the 400 M H z  N O E S Y  s p e c t r u m  (150 ms) in H,O at 25°C of the NH and aromatic region. The N~'H reso- 
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aromatic rings of Y5 and W45.  O n  the left side of the diagonal, NOEs resulting from the helix are connected by lines and 
define the 'NOESY walk.' The squares correspond to NOEs observed in the B-sheet. Lastly, the circles show NOEs orpos- 
sible turns. 
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Cys44-Trp45-Cys46-Va147-Ala48-Leu49]. Likewise, the sequence [(-I-)-(*)-(Gly)-(*)-(*)-(Gly)] of 
strand 3 matched [Lys3°-Ser 3 LGly32-Ser3LCys34-Gly35]. 

Hel ixand  turns 

The generalized MCD approach for helices (Saudek et al., 1989; LaPlante et al., 1990) begins 
by locating the characteristic series of relatively strong, aligned NH-NH NOESY cross peaks. 
This key feature which is shown in Fig. 4 allows targeting of spin systems of residues which are in- 
volved in the helix. For instance, the NH-NH 'NOESY walk' in Fig. 4 was used as a starting point 
for an analogous 'NOESY walk' in the NH-I~H region (not shown). This is possible due to the in- 
herently short intraresidue and interresidue distances between NHs and I[]Hs of helical structures. 
Medium-range NOEs were additionally found as a result of other short distances dNN(i,i + 2), dan 
(i,i + 3) and dQl3(i,i + 3) (see Fig. 5). This further confirmed the presence of an or-helix of 2~- turns. 
The residues of the helix (Fig. 4) could be assigned since the order of spin systems [(*)-(*)-(Gly)- 
(Leu)-(*)-( + )-( + )-(*)-(Gly)] uniquely matched the sequence [Cys2°-Asp2LGly22-Leu23-Cys 24- 
Lys25-LysE6-Asn2LGly28]. 

d o N ( l . l -  I )  

dJ3N( l , l -  I ) 

d N N ( I . I  • I ) 

O N N ( I . I  "~'} 

d a N ( l . l ' 2 )  

O o N ( I . I * 3 )  

d o ~  ( I . I . 3 )  

d e N { I . I - 4 )  

I .$ I . I% 2,1 25 J ~ 

\ k I ~ ( , ' ~  I %  . ~ "  k \ ( ~ ~ II I \ I' l ' l  l , c  l . I  I,, K ', ( % K ~ , i  " , (  ¢r I 

l .lii _ ..-I _i . . . .  Inn- 

d R  . i n  - me e l  I l L _  i ron  _ _  

• J | I 

, , ~T~ ,~ , 

~::i==L,, 

d a N ( l . l -  I )  

O p N ( I . I * I )  

d N N ( I . I * I  } 

d N N ( I . I * 2 )  

d c x N ( l . l + 2 )  

r l ~ N ( l . l + 3 )  

do13 ( I . I - , 3 )  

OoJ3 ( I . I - 4 )  

:.')6 40  4.5 .50 55 60  64 
F L I P S ( ; L  ' ~C  ~ C ~. '~ L P I )  N ~ P I K  I J P S ' ~  K t : l l S  

C~,S 

d = m m m | | m  | |  _ 

_ _  _ _  _ _  J i m 

. . . . _  m ain I I  l 

I I 

I I I I 

Fig. 5. Sequence of  AaH III scorpion toxin together with a summary of  the short-range interresidue NOEs involving the 
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Turns also have characteristically short NH-NH distances and should give rise to a strong cross 
peak in the NOESY spectrum of Fig. 4 (Wagner et al., 1986). A preliminary analysis for turns is 
conducted where the remaining unattributed NOESY cross peaks in the NH-NH region (Fig. 4) 
are considered as possible indications of turns. These relatively strong NOEs resulting from 
dNN(i,i + 1) type distances are shown as circles on the left side of the diagonal in Fig. 4. Medium- 
range distances such as dNN(i,i+2) and d~N(i,i+2) are also pointed out. These characteristic 
NOEs allowed identification of turns at residues 15-17, 47-49 and 51-53. A more in-depth analysis 
was conducted upon completion of  Step III. 
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Step 111 

A sequential method (Wiithrich, 1986) was applied to complete the resonance assignments. All 
the remaining spin systems of the HOHAHA spectrum such as the region shown in Fig. 6 are first 
classified as belonging to general residues types and then the spin systems of sequentially neigh- 
boring residues are identified using the NOESY spectrum. 

Spin system classification 
Given that the amino acids (except proline) have a backbone amide proton, regions should ex- 

hibit cross-peak correlations between the amide resonances with their respective side-chain reso- 
nances (regions B and H of Fig. 1). Hence, this relatively less crowded region can potentially con- 
tain a r6sum6 of the information of the full spectrum. This is illustrated in Fig. 6 where the lines 
represent most of the correlations between the side-chain protons with their respective amide pro- 
ton. Therefore, since toxin AaH III has 64 amino acids, Fig. 6 should contain a determinable 
number of lines (64 residues minus 6 prolines plus side-chain exchangeable protons). 

It should be noted that not all the expected cross peaks were found in Fig. 6. This is due to fac- 
tors such as incomplete magnetization transfer, overlap of the resonances and cross-peak suppres- 
sion from irradiation of the H20 resonance. Most of these problems were overcome by taking 
spectra at different temperatures. Varying the spinlock times in the HOHAHA experiments was 
also helpful. The lines in Fig. 6 could then be classified according to spin system types. 

Like the AMX spin systems, the aromatic residues had three cross peaks along a line in Fig. 6 
(NH to ttH,I]H and I~'H), but in addition, relatively strong NOESY cross peaks.were 6bserved be- 
tween the I]H and some aromatic protons. This was not the case for His 63 where no NOEs could 
be found between the main-chain and aromatic resonances. On the other hand, His 15 had a weak 
NOE between 82 and the amide resonance. 

The favorable chemical shift dispersion withfft the metlayl region (region A of Fig. 1) allowed 
identification of partial spin systems of valine, isoleucine and leucine. The most notable features 
were pairs of equally intense HOHAHA cross peaks between the I]H proton and both methyls of 
valine residues and between the ~,H proton and-both methyls of leucine residues. The isoleucine 
spin systems did not have this feature. In all cases, DQF-COSY spectra helped identify the spin 
systems. 

The alanine residues gave rise to unusually sharp and intense HOHAHA cross peaks for the 
uH-13CH3 (region D of Fig. 1) and NH-I]CH3 (region B of Fig. 1) correlations. All the alanines are 
involved in the secondary structures and were therefore assigned during Step II. 

The glycines were identified by the large active coupling constants of the uH-u'H cross peaks in 
the DQF-COSY spectrum (not shown). 

The asparagines were classified as AMX spin systems and additionally had NOEs between the 
I]H proton and N~H and Na'H protons. The NSH and N~'H resonances had been independently 
identified since they gave rise to very strong NOE and HOHAHA cross peaks when in H20 sol- 
vent, but not in D20 solvent. The N~H and N~'H resonances were found in the aromatic region 
(Fig. 4). 

Lysine and arginine are the only residues which belong to the long-chain class since there are no 
methionine, glutamic acid or glutamine residues in AaH III. The presence of numerous cross 
peaks along a line in Fig. 6 is a good indication of a long-chain spin system. In fact, we observed 
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two lines in Fig. 6 for each arginine spin system; one is from the amide proton (e.g. R2 of Fig. 6) 
and the other is from the N~H side-chain proton (e.g. R2 N~H of Fig. 6). Similar observations 
were apparent for the lysine residues, however, broad cross peaks were found along the N;H line 
(e.g. K26 N~H and K30 N~H in Fig. 6). 

Of all the amino acids, prolines spin systems were the most difficult to identify since they have 
no barkbone amide proton and therefore are not found in Fig. 6. However, the 5H to yH and 13H 
cross peaks in the HOHAHA spectrum fall within a unique region (region F of Fig. 1). The aH 
protons often resonate close to the solvent peak (e.g. Pro 39) and could be observed by changing 
the temperature. 

Sequential assignmen ts 
The sequential method is based on observation of NOEs which arise from short distances be- 

tween neighboring residues such as daN(i,i + 1 ) and dNN(i,i + I ) (sometimes dl3N(i,i + 1 )). The strat- 
egy basically functions by deciphering which spin systems in the N M R  maps belong to neighbor- 
ing residues in the primary structure. Confident assignments are attained when a discovered series 
of neighboring spin systems is sufficiently long to uniquely match a peptide segment in the se- 
quence (Wiithrich, 1986). 

For this study, the sequential assignment process began by overlaying a plot of regions B and 
H of the H O H A H A spectrum in Fig. 1 (plotted on transparent paper) over a NOESY plot of the 
corresponding region. This allowed distinction between intraresidue and interresidue NOEs. The 
intraresidue NOEs were overlapped by HOHAH A cross peaks whereas the interresidue NOEs 
(daN(i,i+ 1), dNN(i,i+ 1) and dl3N(i,i+ I)) were not superimposed by HOHAHA connectivities. 
Where possible, the assigned re.sidues from Step II were used as confident starting points for attri- 
buting neighboring residues. Otherwise, peptide segments which corresponded uniquely to the 
primary structure were discovered as in the classical sequential assignment method (Wiithrich, 
1986; Basus et al., 1988; Basus, 1989; Breg et al., 1989; Dyson et al., 1989; K6rdel et al., 1989). 
These segments included Ile 6 up to Tyr t4, Phe 36 up to Leu 42 and Pro 54 to Pro 58. As no NOEs were 
found between His 63 and Ser 64, this last residue was assigned by a process of elimination. Figure 
5 summarizes the short range interresidue NOEs observed for AaH III. 

In general, it was difficult to identify a continuous assignment pathway across the proline resi- 
dues since they have no amide proton. Sequential NOE contacts such as da~(i,i + I) were observed 
between Va153 and Pro $4 and also between Asp 57 and Pro 58. .This suggests that both Pro 54 and 
Pro 58 have trans conformations. Furthermore, a daa(i,i + 1) NOE was observed between Va117 and 
Pro TM which is consistent with Pro t8 having a cis conformation. No interresidue NOEs were found 
between Pro 19 and its neighboring amino acid and this residue was assigned by default. In sum- 
mary, termination of the assignment process as described in these three steps was reassured by the 
fact that all spin systems were accounted for. 

DISCUSSION 

Structural aspects of AaH Il i  
Upon completion of the resonance assignments of AaH III, numerous medium and long-range 

NOEs were identified. Although an intensive analysis will have to await calculation of a 3D struc- 
ture (Mikou et al., unpublished), a qualitative description can be given here. As mentioned in the 
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Results section, NOEs have been found which clearly describe the presence of a triple-stranded 
sheet. It folds in such a way that strand 2 is disrupted by  a turn at Ala 48 (see Fig. 3). This turn for- 
ces strand 2 to approach strand 1 thus giving rise to a relatively s~trong NOE from Leu 49 to both 
Ala2and Ala 48 as indicated by arrows in Fig. 3. 

Strand 3 is disrupted after Lys 3° by a folding back of the peptidyl chain and becomes an a-helix 
starting from Gly 28 down to Cys 2°. The helix lies parallel to the sheet as indicated by numerous 
NOEs with both strands 1 and 2. The disulfide bridge between Cys 2° of the helix and Cys 44 of 
strand 2 most likely dictates this fold. On the same face of the helix (about one turn away), there 
is another disulfide bridge between Cys 24 of the helix and Cys 46 of strand 2. The bridging of the 
secondary structures by the disulfide bonds certainly contributes to the stability of the molecular 
framework of AaH III. Another contributing factor is the presence of a hydrophobic core as evi- 
denced by numerous NOEs between hydrophobic residues. This core is found roughly on the op- 
posite side of the sheet as the helix and is discussed in more detail in the next section. 

Structural comparisons with other scorpion toxins 
Even though the scorpion toxins should largely have the same general structure given the exten- 

sive sequence homology, it is important to know whether or not the differences in the observed ac- 
tivity are due to specific conformational variations. Unfortunately, too few atomic-resolution 
studies have been completed to adequately respond to this question. The crystal structure of CsE- 
v3 has been solved (Fontecilla-Camps et al., 1980; Almassy et al., 1983). For this same toxin, ~H 
NMR assignments along with some structural features in solution have been reported (Krishna et 
al., 1989; Nettesheim et al., 1989) and recently similar studies have been done for AaHiT, anti-in- 
sect toxin (Darbon et al., 1991). For the a-family, the crystal structure o f A a H  II has been solved. 
Thus, with additional structural information from this report concerning AaH III, some interest- 
ing comparisons can still be made. 

The sheet and helix provide a common structural foundation since both are approximately the 
same for all the structures and are located in homologous'sequential regions. The hydrophobic 
cluster most likely also plays a significant role in this stable framework. Interestingly, the crystal 
structures of CsE-v3 and AaH II along with t h e N M R  study of CsE-v3 report an orthogonal ar- 
rangement of aromatic rings within the hydrophobic cluster. In our study of AaH III, we observe 
an orthogonal type of arrangement between the Trp 45 and Tyr 5 rings. This orthogonality is sug- 
gested by strong NOEs observed between protons e3 and 43 of Trp 45 with aromatic protons of 
Tyr 5 while no NOEs were observed between Tyr 5 with r12 and 42 of Trp 45. This also explains the 
unusual upfield shift observed for e3 of Trp 45 which would be induced by a ring-current effect 
from Tyr 5. Although the orthogonal rings were observed in all the toxin structures (termed the 
'herringbone' arrangement), the number of rings involved differs. In CsE-v3, the Tyr 4, Tyr 47, 
Tyr 42, Tyr 4°, Tyr 38 and Tyr 58 rings were orthogonal with respect to one another. For AaH II, the 
same distribution was observed for Tyr 5, Tyr 47, Tyr 42 and Tyr 49 aromatic rings. In this study, we 
report an orthogonal arrangement for Tyr 5 and Trp 45. It is apparent that the orthogonal arrange- 
ments in AaH II and AaH III are smaller than in CsE-v3; this would be due to the fact that both 
AaH toxins do not have aromatic residues at homologous positions of the sequence as compared 
to CsE-v3. Interestingly, it is possible that the hydrophobic arrangement of AaH II may be some- 
what conserved in AaH III since NOEs were observed which suggest a Tyr 5, Trp 45, Va147 arrange- 
ment. The hydrophobic valine residue seemed to have substituted the aromatic ring found in AaH 
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TABLE I 
'H N M R  CH E M I CA L  SHIFTS OF THE AaH Ill  SCORPION TOXIN AT 25°C AND pH 5.4" 

Chemical shifts 

Residue NH C*H Call C~H C~H others 

Val t 4.20 1.62 0.92, 0.83 
Arg-" 8.89 4.96 ÷ 2.00, 1.88 1.47, 1.47 3.14, 3.01 
Asp 3 8.26 5.08 2.48, 2.52 
Gly 4 7.46 3.70, 2.84 
Tyr 5 8.63 5.51 2.97, 2.78 7.42, 7.42 
lie 6 6.63 4.38 1.82 1.32", 1.32" 0.91" 
Val 7 7.24 5.21 1.92 0.67, 0.61 
Asn s 8.00 4.92 ÷ 3.24, 2.34 
Ser 9 8.17 4.20, 4.07 
Lys I° 8.15 4.27 1.73,2.01 1.27, 1.16 1.73, 1.58 
Asn n 7.97 4.03 3.32, 2.82 7.35, 6.33 (NSH) 
Cys t2 8.14 5.05 3.28, 3.12 
Val ~-~ 8.03 4.58 2.69 0.84, 0.56 
Tyr 14 8.18 4.53 2.85, 2.59 7.24, 7.24 
His t5 9.49 5.02 3.34, 3.25 
Cys 16 8.08 4.02 3.85, 3.42 
Va117 6.72 3.80 1.87 0.95, 0.95 
Pro la 4.22 3.60, 3.60 2.12, 1.91 2.40, 2.19 
Pro ,9 

Cys z° 8.46 4.22 2.78, 2.39 
Asp m 9.20 4.11 2.94, 2..59 
Gly'-' 7.88 3.90, 3.72 
Leu 23 7.70 3.95 1.67, 1.21 ,0.99 0.32, 0.14 
Cys 24 8.68 4.04 2.67, 2.63 
Lys z5 8.49 4.34 1.88, 1.88 1.48, 1.48 1.71, 1.71 
Lys -'6 8.43 4.13 1.99, 1.91 1.49, 1.49 1.70, 1.70 
Asn 27 7.17 4.61 3.00, 2.42 8.01,6.50 
Gly 2s 7.86 4.23, 3.78 
Ala z9 7.91 4.70 1.28 

Lys ~° 8.28 4.15 1.75, 1.75 1.49, 1.49 1.58, 1.58 
Ser ~' 7.49 4.58 3.98, 3.98 
Gly 3-' 9.01 5.28, 4.24 
Seal 3 9.47 5.01 ÷ 3.93, 3.93 

Cys -u 9.11 5.24 3.41, 3.13 
Gly 35 9.16 4.02, 3.45 

Phe 36 8.49 5.11 ÷ 3.1 I, 2.90 7.29, 7.29 
Leu 37 8.29 4.48 1.25, 0.75 1.08 0.64, 0.39 
lle 3a 8.63 4.29 1.81 1.32, 0.87 0.75 • 
Pro -~9 4.45 ÷ 3.51,3.49 2.20, 1.96 1.62, 1.62 
Ser 4° 8.46 4.99 3.41, 3.32 
GIy 4j 8.19 4.29, 3.92 
Leu 42 8.35 4.99 ÷ 1.85, 1.50 1.85 1.00, 0.99 
Ala 4-~ 8.59 5.26 1.20 

Cys '~ 8.31 5.63 3.02, 2.84 
Trp 45 9.84 4.62 3.26, 2.88 

8.00 (NcH) 

6.97, 6.97(C~H) 
0.72 (CvH3) 

2.91, 2.85 (C~H), 7.54 (N;H) 

6.58, 6.58 (CcH) 
8.61 (CUll), 7.46 (C6'-H) 

3.01, 3.01 (C~H), 7.53 (N;H) 
2.98, 2.98 (C~H), 7.54 (N;H) 

2.98, 2.98 (C'H), 7.54 (N¢H) 

7.09, 7.09 (C~H) 

0.91 (OH3)  

10.05 (NUll), 7.38 (Cr~H), 6.83 (CSIH), 
7.08 (Cn~H), 6.73 (C;~H), 5.57 (C'3H) 
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Chemical shifts .' 

Residtle NH C°H Call C~H CSH others 

Cys 46 8.51 5.52 2.88, 2.45 
Va147 8.12 3.89 1.90 
Ala 48 9.61 3.54 1.38 
Leu 49 8.54 4.13 1.65, 1.65 x 
Pro 5° 4.38 1.99, 1.99 
Asp sj 8.57 4.08 2.53, 2.48 
Asn 52 8.05 4.48 2.98, 2.52 
Val 5~ 7.63 4.38 2.02 
Pro ~ 4.26 2.17", 2.10" 
lie -~ 7.34 5.01 1.73 
Lys 56 8.52 3.97 
Asp s7 8.80 5.19 2.88, 2.80 
Pro -~s 4.41 2.47, 2.37 * 
Ser s9 8.77 4.37 3.81, 3.76 
Tyr ~ 7.70 5.01 + 3.08, 3.00 
Lys 6j 8.50 4.22 
Cys 62 7.47 4.27 3.87, 3.52 
His 63 8.38 4.12 3.02, 3.02 
Ser 64 7.45 3.38, 3.30 

0.88, 0.88 

1.46 
2.01, 2.01 

1.12, 1.12 
1.80", 1.80" 
1.18", 0.89* 

2.27", 2.06 

0.74, 0.67 
3.98, 3.98 

7.60, 6.80 (N6H) 

3.94, 3.83 
0.80 

4.00, 3.76 

7.15,7.15 

0.47 (CrH3) 

6.84, 6.84 (C~H) 

8.70 (C~IH), 7.47 (C6:H) 

Chemical shifts are relative to the H,O resonance which is 4.78 ppm at 25°C relative to DSS. A '  +" indicates that the 
chemical shift was taken from spectra at 45°C. A "*' indicates that the assignment can be interchanged with another as- 
signment within the same residue which also has a '*'. A" x, means that the chemical shift could be 1.65 or 1.46. 

II .  On  one  side o f  the r ing o f  T rp  45, N O E s  were obse rved  be tween e l  and  41 o f  T r p  45 with a methyl  

o f  Va] 47 whereas  on the o the r  side o f  the r ing N O E s  were observed  f rom T12 and  42 o f  T rp  45 with 

T y r  5. 

Others  have po in t ed  out  tha t  differences in c o n f o r m a t i o n  exist be tween A a H  II and  CsE-v3 

which m a y  be the source  o f  the var iance  in ac t iv i ty  ( F o n t e c i l l a - C a m p s  et al. ,  1988). This  was the 

o r i en t a t i on  o f  the loop  p r o t r u d i n g  f rom the dense  core  and  C- te rmina l  s tretch o f A a H  II as com-  

pa red  to the c o r r e s p o n d i n g  region  in CsE-v3.  A t  this po in t  in our  analys is  o f  A a H  III ,  no defini- 

tive c o m p a r i s o n s  can be m a d e  conce rn ing  these regions.  

O the r  s tudies  have shown tha t  b io t i ny l a t i on  o f  lysine residues o f  A a H  II resul ted in var ious  de- 

grees o f  loss o f  p h a r m a c o l o g i c a l  ac t iv i ty  and  b ind ing  to s y n a p t o s o m e s  ( D a r b o n  e t  al., 1983; 

F o n t e c i l l a - C a m p s  et al., 1988). I t  was po in t ed  ou t  tha t  Lys 58 is the mos t  i m p o r t a n t  lysine with 

regard  to toxic i ty  o f A a H  II.  The  same was observed  when Lys 56 o f A a H  I was c a r b o x y m e t h y l a t e d  

(Sampier i  and  H a b e r s e t z e r - R o c h a t ,  1978). The  crys ta l  s t ruc ture  o f  A a H  II shows tha t  Lys 58 is rel- 

a t ively  bur ied  wi thin  the p ro t e in  and  a n c h o r e d  down  by hydrogen  b o n d s  be tween N~H o f  Lys 58 

and  the ca rbony l s  o f  Ash  II and  G l y  61 ( F o n t e c i l l a - C a m p s  et al., 1988). The  modi f i ca t ion  o f  Lys 56 

o f A a H  I I I  has  also been shown to p r o v o k e  a dras t ic  loss o f  pha rma c o log i c a l  act ivi ty  and b ind ing  

to s y n a p t o s o m e s  ( D a r b o n ,  pe r sona l  commun ica t i on ) .  A l t h o u g h  it is not  abso lu te ly  definit ive,  we 

have obse rved  an N O E  between NCH o f  Lys 56 and  N~H o f  Asn  I~ which wou ld  be cons is ten t  with 

Lys 56 being bur ied  and  h y d r o g e n  b o n d e d  as found  for  A a H  II.  
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