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s-Toxin, six analogues and their acetylated derivatives, have been synthesised. The model peptides, 
based on the parent compound &toxin, incorporate components of the proposed pore-forming 
segments of the protein ion channels. The backbone conformations of the peptides have been 
elucidated by a combination of two-dimensional NM R experiments and distance geometry and 
molecular mechanics calculations. In several of the compounds a relatively stable helix is formed 
but in peptides incorporating a proline in the centre of the molecule a bend- helix motif is present. 

Ion channels are proteins which control the flow of ions across 
biological membranes. The channels are highly selective-some 
ions are permitted to pass but not others. The proteins which 
form the various K + ,  Na+ and Ca2+ channels have a similar 
structure--they are composed of subunits of a-helices that 
associate in a tetrameric arrangement to form the ion- 
conducting pore. This aqueous pore through which the ions pass 
is shaped rather like an hourglass with wide entrances which 
narrow to a restrictive region. It is this constriction of the pore 
diameter together with binding sites which are responsible for 
the ionic selectivity. One of the a-helical regions of the proteins, 
segment 2 (S2), has been proposed as the pore-forming sequence 
although a number of other models involving different regions 
have also been ~uggested.~ The amino acid sequence of the S2 
segments differ, although there are similarities both between 
subunits within a given protein and between equivalent 
subunits of different proteins. The S2 segments are amphiphilic 
and the charged amino acids are conserved. At equivalent 
positions in each of the four subunits a glutamic acid and a 
lysine residue on the same side of the a-helix are conserved and 
two of the subunits have an additional acidic amino acid located 
10 residues from that glutamic acid on the same side of the a- 
helix. An aromatic amino acid also occurs in each S2 segment in 
similar positions. In a system this complex, involving four 
similar but different sequences, it is difficult to determine which 
residues are critical in determining ionic selectivity and precisely 
where they are located. 

A number of naturally occurring amphiphilic pep tide^,^ e.g. 
mellitin,' alamethicin and paradaxin and synthetic pep- 
tides 8*9 have been reported to form ion channels. &-Toxin (Fig. 
1) is a 26 amino acid peptide from Stuphyluccucus uureus which 
can adopt an amphiphilic structure and forms cation channels 
consisting of a hexameric cluster of molecules." Furthermore, 
the primary sequence of this peptide bears important 
similarities to the S2 segments of the protein channels. When 6- 
toxin and the S2 segments are aligned (Table 1) an acidic 
(Aspl8), a basic (Lysz2) and an aromatic (TrpI5) amino acid 
occur in similar positions to those present in the protein 
segments. The amphiphilic nature of &-toxin and its ability to 
form cation channels together with its similarity to the S2 
segments made this peptide a suitable choice to try and model 
the narrow region of the ion channel pore. A number of 
peptides were designed, based on &-toxin but incorporating 
components of the S2 sequences, which are simple enough to 
facilitate structural interpretation of their channel forming 
properties. 

This paper describes the synthesis and structural investig- 
ation of the series of model peptides. The parent compound, 6- 

toxin, and six analogues were prepared. Three types of 
modification were made (see Table 2): (1) A glutamic acid 
replaces either the threonine or serine at positions 8 or 7 
respectively to give compounds 2 and 3. As alluded to earlier, 
two of the four S2 segments feature an acidic residue towards 
the N-terminus of the sequence. (2) A proline replaces the lysine 
at position 14 to yield compound 4. Proline is known to kink 
helices and so in a cluster of molecules which form a channel 
this may have the effect of narrowing the pore. (3) Omission of 
the lysine at position 14 to give compound 5. When this 
charged amino acid is left out, the non-polar residues of Leu12 
and Val' are immediately followed by the aromatic amino acid 
which is a situation more akin to the S2 segments. A helical 
wheel projection of this peptide still indicates an amphiphilic 
helix. 

In addition to these single amino acid changes, two peptides 
were synthesised which featured a combination of these 
modifications-namely Glu', Pr~'~-&-toxin 6 and Glu7, des- 
Ly~'~-&-toxin 7. The N-acetylated derivatives of each of seven 
peptides was also prepared (la-7a). The N-terminus of &-toxin 
is probably not the free amine but is blocked with a formyl 
group. Although the presence or absence of a blocking group 
was not expected to noticeably affect the structure of the 
peptide, acetylation may enhance the dipolarity of the peptide 
and favour alignment in the electric field. These acetylated 
derivatives were thus prepared largely for the biological studies. 
NMR studies on the conformation of natural bacterial 6- 

toxin have been reported. In methanol, &-toxin adopts a helical 
structure" extending from Ala2 to Valzo. When bound to 
phospholipid micelles (an artificial membrane environment) a 
similar structure was observed although in this case the helix 
was found to extend over a slightly different range-from 
residues 5 to 23. In our studies we elected to determine the 
structure of the synthetic peptides in methanol, or in a largely 
methanolic solution, as such a simple solvent system appeared 
to be a reasonable alternative to the more realistic but complex 
membrane environment. 

&-Toxin and the series of analogues were prepared using 
standard met hods of solid-phase peptide synthesis. No signifi- 
cant problems were encountered during ,the chain assembly 
process. After cleavage of the final Fmoc group approximately 
one-quarter of the resin-bound peptide was acetylated by 
treatment with acetic anhydride. Analytical HPLC of the crude 
peptides immediately after cleavage from the resin indicated 
that, in each case, the required compound was the major 
product and that no significant impurities were present. 
Purification was straightforward. Traces of scavengers and low 
molecular weight material were removed by a gel-filtration 
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Met Ala Gln Asp Ile Ile Ser Thr Ile Gly Asp Leu Val Lys Trp Ile Ile Asp Thr Val Asn Lys Phe Thr Lys Lys 

Fig. 1 Amino acid sequence of &toxin 

Table I Alignment of the transmembrane S2 (subunit 1 )  sequences of ion channel proteins with &-toxin 

Na' channels 
electric eel ekctric organ" I v 
rat brain2 N V  

K+ channels 
Drosophilia mutant'* L I  
rat brain13 Y V  

Ca2* channels 
rabbit skeletal musde14 K L  
rat brain" D T  

&toxin M A O D I I S  

Y T F T G I -  
Y T F T G I -  

- T L C I  I W  
- G V C V V W  

Y F F L T V -  
P Y F  I G I -  

T I G D L V K  

T F  
T F  

T F  
T F  

S I  
C F  

I I  

V I V  
S L  I 

L T V  
F L  V 

A A M  
A G  I 

T V N  

L L S  
I I A  

F L  A 
I V F  

I I A  
I I A  

F T  K K  

Table 2 Modifications to &-toxin 

1 5 10 15 20 25 
1 &toxin M A Q D  I I S T I G D L V K W I  I D T V N K F T K K  
2 GIU~- &toxin M A Q D  I I S E I G D L V K W I  I D T V N K F T K K  
3 Glu7- &toxin M A Q D  I l E T l G D L V K W l  I D T V N K F T K K  
4 &oxin M A Q D  I l S T l G D L V P W l  I D T V N K F T K K  

6 Gld, Pro'4- &toxin M A Q D  I I S E I G D L V P W I  I D T V N K F T K K  
7Gl~~,des-lys'~-Gtoxin M A Q D I I E T I G D L V - W I I D T V N K F T K K 

5 des-Lys14- &toxin M A Q D  I I S T I G D L V - W I  I D T V N K F T K K  

procedure and then the peptides were further purified by 
preparative HPLC. Glu7,des-Lys 14-6-toxin 7 and its acetylated 
derivative 7a were the only compounds which gave problems 
during the purification steps. These were the final two peptides 
prepared. Experience with the series had shown that, although 
soluble in water or dilute acetic acid (0.2 mol dm-,), the 
acetylated derivatives were always less soluble than the com- 
pounds with the free amine at the N-terminus. Solutions of 7 
and 7a suitable for the gel-filtration and HPLC procedures were 
obtained by first dissolving the peptide in glacial acetic acid and 
then diluting with water to give a final solution in 20% AcOH. 
The purified peptides were characterised by amino acid analysis 
and FAB-MS and for each of the 14 compounds prepared 
satisfactory results were obtained. 

Synthetic &toxin 1, la  and five of the analogues 2-6 were also 
studied by NMR spectroscopy. The use of NMR spectroscopy 
for the structural determination of peptides and proteins is 
well documented. I 9  This technique involves several steps: 
data acquisition, spectral analysis and structural interpretation 
of the experimental data. This last step converts the NMR 
geometric constraints into molecular coordinates and this 
identifies the three-dimensional arrangement of the peptide 
chain. 

The data for the structure determination were collected using 
one- and two-dimensional NMR experiments. In line with the 
published NMR study of &toxin, the initial series of spectra 
were obtained using a 6 mmol dm-, solution of 1 in CD,OH. 
Spectra of the Glu8, Glu7 and Pro14 analogues 2, 3 and 4, 
respectively, were recorded under similar conditions (4-7 mmol 
dm-, solutions in CD,OH). Des-Lys' 4-6-toxin was insoluble in 
CD,OH. Consequently, &toxin was reinvestigated under a 
variety of solution conditions and a CD,OH-H20 (2:l) 
mixture was found to be a suitable alternative to neat 
CD,OH. Problems had also been encountered with some of the 

CD,OH solutions. Following the completion of data acquisi- 
tion, a number of samples on removal from the probe were 
observed to have become very viscous and/or cloudy. This effect 
was due to aggregation of the peptide molecules. Although no 
formal concentration studies were carried out the remaining 
compounds i.e. des-Lys14-, Glu', Pro14- and Ac-&toxin 5,6, l a  
were recorded as dilute solutions (1-2 mmol drn-,) in CD,OH- 
H 2 0  (2: 1) and these latter conditions also appeared to prevent 
the aggregation phenomenon. General solubility problems with 
Gl~~,des-Lys'~-6-toxin 7 have been alluded to earlier and no 
spectra of this compound were obtained. 

Three 2D data sets were recorded for each peptide: DQF 
COSY (double quantum filtered correlated spectroscopy), 
TOCSY (total correlated spectroscopy), and NOSEY (nuclear 
Overhauser enhancement spectroscopy). The DQF COSY and 
TOCSY experiments delineate through-bond connectivities; in 
the DQF COSY spectrum the off-diagonal cross peaks are due 
to either geminal or vicinal couplings, and in the TOCSY 
spectrum there are additional cross peaks resulting from long 
range coupling between protons within a particular amino acid 
residue. Using these two types of spectra it was possible to 
identify all of the amino acid residue spin systems in each 
peptide, but not of course possible to distinguish between 
residues with identical spin systems (i.e. Asn, Asp, Ser, Phe and 
Trp). The only ambiguity arose in the assignments of the 
isoleucine methyl groups and the aromatic protons of 
phenylalanine. Each peptide contains five isoleucine residues 
and the methyl region of the spectrum is particularly crowded. 
The chemical shifts for the y and 6 CH, groups were easily 
located for each isoleucine but apart from one residue (later 
identified as Ile17), where a cross peak between the PCH and 
6CH, protons was clearly observed in the TOCSY spectrum, it 
was generally not possible to distinguish between the methyl 
groups. It was also not possible to clearly differentiate between 
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1 5 10 15 20 25 
M A Q D I I S T I G D L V K W I I D T V N K F T K K  

d~~ (i, i+l) - I- - - - - I  daN (i, i+l) 
dpN (i, i+ll 
daN (i. i+3) 

daN (i, i d )  

dap (i, i+3) 

day (i, i+3) - 
slow NH + + * * * * * * * * + + +  
exchange 

- - -  ---- - -- -- -- --- --- --- - -- 
0 0  0 0 0  

3 4 4 H 4 H  

Fig. 2 
in CD,OH* 

Summary of inter-residue NMR spectroscopic data for &toxin 

1 5 10 15 20 25 
M A Q D I I S T I G D L V K W I I D T V N K F T K K  

d~~ (i, i+l) 
d~ (i, i+l) - - - 
d p ~  (i, i+l) - - - -- - -- - daN(i, i+3) - - - - 
daN (i. i d )  -- 
dap (i, i+3) - 
day (i, i+3) 
slow NH + + + + + + * * * * * * * * + + + + +  
exchange 

- -- -- - -- - ----- ----- - - - - -- 
o m 0 0  0 0 0 0  

Fig. 3 Summary of inter-residue NMR spectroscopic data for &-toxin 
in CD,OH-H,O (2: 1)* 

1 5 10 15 20 25 
A c M A Q D I I S T I G D L V K W I I D T V N K F T K K  

d~~ (i, i+t) 

+ . . . . . . . . . . . . . . . . . . . . .  slow NH 
exchange 

Fig. 4 Summary of inter-residue NMR spectroscopic data for Ac-6- 
toxin in CD30H-H,0 (2 : 1)* 

_. _- 
344H-aCH 0 0 0  0 e o  0 0 0  

1 5 10 15 20 25 
M A Q D I I S E I G D L V K W I I D T V N K F T K K  

d~~ (i, i+l) - - - - 
daN (i, i+3) - - 
daN (i, i d )  - 

dd(i , i+l)  -- - - - - - - 
- I - - -  -- -- dpN (i, i+l) - -- -- -- 

dap (i, i+3) 

'cry (i, i+3) 
slow NH 
exchange 
344H-acH 

-- -- 
+ + * * * * * * * * + + +  

0 0  e o  o m  0 0  o m  m o  

Fig. 5 Summary of inter-residue NMR spectroscopic data for Glu8-6- 
toxin in CD,OH* 

1 5 1 0  15 20 25 
M A Q D I I E T I G D L V K W I I D T V N K F T K K  

d~~ (i, i+l) - I-  

d~ (i, i+l) - = 

dpN (i, i+l) 
d~ (i, i+3) --- 

II - I - -  - - - -- 

day (i, i+3) 
slow NH 
exchange 

-- - 
+ + + * * * * * + * + +  

Fig. 6 
toxin in CD,OH* 

Summary of inter-residue NMR spectroscopic data for Glu7-6- 

1 5 10 15 20 25 
M A Q D I I S T I G D L V P W I I D T V N K F T K K  

d~~ (i, i+l) 
d~ (i, i+l) - 
dpN (i, i+l) 
daN (i, i+3) - 
daN (i, i d )  - 
dap (i, i+3) 

'ay (i, i+3) 
slow NH + + + +  * * * * * +  t t *  

exchange 

Fig. 7 Summary of inter-residue NMR spectroscopic data for Pro14-6- 
toxin in CD30H* 

- - I  

- I  -- - 
-- - 
-7 

0 0  o o m m m m  0 0  o 
344JKacH 

1 5 10 15 20 25 
M A Q D I I S T I G D L V - W I I D T V N K F T K K  

d~~ (i, i+l) 
d~ (i, i+l) - - -.I 

- -  - - --- - daN (i. i+3) - daN (i, i d )  - 
dap (i, i+3) - 
'ay ( i .  i+3) - - 
3441i-clcH 

- 
+ + + * - * * * * * + + + + +  slow NH 

exchange 
0 0  o m  0 o m o m m  0 o o 

Fig. 8 Summary of inter-residue NMR spectroscopic data for des- 
Lysi4-6-toxin in CD,OH-H,O (2: 1)* 

1 5 10 15 20 25 
M A Q D I I S E I G D L V P W I I D T V N K F T K K  

~ N N  (i, i+l) .I - - - / / / / /  

d~ (i, i+l) - - 
dpN (i, i+l) - - 
daN (i, i+3) - 
daN (i, i d )  \ \ \ \ \ \ \ \ \ \ \ \ \ \  

34JH-acH 

I - -  - - /// 

I - / I /  - -  
\ \ \ \ \ \ \ \ \ \  - -- 

0 0 0  0 0 

Fig. 9 Summary of inter-residue NMR spectroscopic data for Glu8, 
Proi4-6-toxin in CD,OH-H,O (2: 1); \\\\\\\\ indicate the NOEs of 
the first conformation and / / / / / / / /  indicate the NOEs of the 
second conformation* 

the aCH, PCH and the NH of one residue with the NH of the 
next residue (ai-NH, + 1, Pi-NH, + and NH,-NH, + respectively) 
it was possible to trace the connectivity along the backbone of 
each molecule and thus confirm the primary structure of the 
peptides (see first three rows of Figs. 2-9).* For several of the 

the ring protons of the phenylalanine as they were bunched 
within a 0.2 ppm range. The chemical shifts and assignments for 
all 26 residues of each peptide (25 residues for de~-Lys'~-6- 
toxin) are listed in the Experimental section. 

The NOESY was the pivotal experiment and provided the 
essential data for the structure determination. The NOESY off- 
diagonal cross peaks result from through-space interactions 
between protons of different amino acid residues separated by a 
distance of less than 5 A. Using the sequential NOEs between 

* General comments for Figs. 2-9: Summary of the inter-residue NOE 
connectivities involving the NH, aCH, PCH and yCH protons. A line 
connects the two residues between which an NOE was observed. Thick 
bars indicate a strong NOE which was observed on both sides of the 
diagonal and thin bars indicate either a weak NOE or one which was 
only detected on one side of the diagonal. NH exchange: * indicate those 
protons still protonated after completion of the experiment and + 
indicate those amide protons which, although slow to exchange, were 
fully deuterated before completion of the experiment. 3JNH-aCH: full 
circles indicate a coupling constant c 6.0 Hz and open circles > 7.0 Hz. 
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peptides, most noticeably with Glu', Pr0'~-6-toxin 6, con- 
nectivity was lost for short regions of the sequence. However, by 
comparison with more completely assigned spectra, e.g. &toxin 
and Ac-&toxin and on the basis of elimination, it was possible 
to tentatively assign particular residues to the various spin 
systems. For example, in Glu', Pro14-6-toxin, Ile5, Ile6 and Ile9 
were assigned by sequential NOEs, thus leaving only isoleucines 
in positions 16 and 17 to be uniquely identified. In each of the 
other peptides studied, the aCH resonance of was always 
slightly downfield from that of Ile". Thus IleI6 and IleI7 of 6 
were tentatively assigned based on this assumption (later 
confirmed by long range NOEs). 

In addition to these NOEs between neighbouring amino acid 
residues, there were also a considerable number of ai-NHi + ,, ai- 
NH, +4, .,-Pi + , and ai-yi + , NOEs i.e. interactions between non- 
adjacent residues (see rows 4-7 of Figs. 2-9). These long range 
NOEs are characteristic of secondary structure elements. In 
an a-helix there are 3.6 amino acids per turn of helix and 
consequently the distances between protons in the first amino 
acid residue to those of the third or fourth residue are within the 
range 0-5 A, for which NOEs can be observed. In contrast, the 
proton-proton distances between residues I and 3 or 4 in an 
extended chain such as in a P-sheet conformation, are too long 
to be observed by the NOE effect. Analysis of the NOESY data 
clearly revealed a distinct a-helical region in each of the peptides 
studied by NMR spectroscopy. 

The structure of &-toxin 1 was studied in neat CD,OH and in 
a CD,OH-H20 (2: 1) solution. In methanol, a substantial 
number of long range NOEs were observed in the central 
portion of the molecule and extending towards the C-terminus 
(see Fig. 2). The ai-NHi + NOEs are particularly significant as 
these are unique to the a-helix. The less common 310 helix is a 
tighter structure and is characterised by ai-NH + interactions, 
and none of these were observed in &-toxin. Thus in CD,OH, 6- 
toxin adopts an a-helical structure between residues Thr' and 
Lys22 with the terminal regions particularly the N-terminus, 
being relatively flexible. This conclusion was supported by two 
other parameters-small vicinal spin-spin coupling constants 
3JNH-aCH and slow amide-proton exchange data. 

The size of , J N H - & H  is related to the intervening dihedral 
angle ~1 by the Karplus equation and small coupling constants 
( <  6 Hz) are characteristic of helical structure. Coupling 
constants were measured from the 1D spectrum but due to 
overlapping peaks only a few values could reliably be 
determined. Five residues-Thr', Ile9, IleI6, Asp'' and Val2'- 
had small coupling constants ( < 3.6 Hz) which supported the 
proposed a-helical region. Values for Ala2 and Gln3 (ca. 4 and 
5.1 Hz respectively) were also in the a-helical range and so 
conflicted to some extent with the NOE data. 

Further independent evidence for an a-helical structure was 
provided by slow amide-proton exchange rates. In an a-helix 
there are hydrogen bonds of the type COi-NHi+4 and amide 
protons which exchange slowly with solvent thus identify the 
donor NH group of the hydrogen bond and the acceptor CO 
group is inferred. The NH protons of the first four residues of an 
a-helix are not involved in hydrogen bonds and are expected to 
exchange relatively quickly. Amide protons that were slow to 
exchange were identified by dissolving the peptide in deuterated 
solvent and recording 1D spectra over a period of time. In 
CD,OD, the NH protons of Val'3 to Am2' of &-toxin had not 
completely exchanged after 24 h, and those of residues 1 I ,  I2,22 
and 23 were observed for a time but had completely disappeared 
within 6 h. Unfortunately, several of the NH peaks overlapped 
in the ID spectrum and so it was not possible to absolutely 
identify which resonance belonged to a particular residue. 
However, provided that there w r e  several long range NOE 
interactions involving a particular residue it was assumed that 
the NH proton of that amino acid was slowly exchanging. Thus 

the amide exchange data of 6-toxin supported the conclusion of 
an a-helical region in the centre of the molecule with extended 
conformations for the terminal segments. 

Fig. 3 presents the survey of sequential NOEs, 3JNH-aCH 

coupling constants, and NH exchange data for &-toxin in the 
CD,OH-H20 (2 : 1) mixture. Numerous long range NOEs 
supported by NH exchange rates and a few coupling constants 
suggested that residues 5-24 formed an a-helix. The helical 
region possibly extended slightly further at either end; to Gln3 at 
the N-terminus and or Lys26 at the C-terminus but the 
evidence was less convincing. 

The third NMR study of &-toxin (summarised in Fig. 4) was 
carried out with acetylated material in CD,OH-H20 (2 : 1). In 
this case there was conclusive evidence to show that the helical 
region extended over almost the entire length of the peptide. 
Again there were numerous NOEs characteristic of an a-helix in 
the central region but in addition there were strong interactions 
between the aCH of Met' and Ala2 to appropriate NH protons 
further along the chain. Coupling constants for Met' and Ala2 
were both less than 6 Hz and confirmed that the helix extended 
to the N-terminus of the peptide. A lack of long range NOEs at 
the other end of the molecule together with large coupling 
constants for Phe2, and Thr24 (7.2 and 7.7 Hz respectively) 
indicated that the C-terminal tetrapeptide segment was unlikely 
to be helical. Finally, NH exchange data was compatible with 
the foregoing view that the a-helix spanned 22 residues from the 
N-terminus of the peptide to L Y S ~ ~ .  

As a result of the helix dipole phenomenon a positive charge 
located near the N-terminus of a helix destabilises the 
structure.20 Under the conditions of the NMR experiment the 
amine group at the N-terminus is protonated. This factor, 
combined with the dipole effect may account for the difference in 
the N-terminal limit of the a-helix in 6-toxin and Ac-6-toxin. 
Furthermore, the solution structure of naturally occurring 6- 
toxin (N-formyl-&toxin) is virtually identical with that of Ac-6- 
toxin and in both peptides the N-terminal amino group is 
effectively blocked. It is also interesting to note that the 
structure of the toxin obtained in CD,OH-H20 (2 : 1)  is very 
similar to that reported for the natural material bound to 
phospholipid micelles. 

The structures of the Glu' 2 and Glu7 3 analogues were 
determined in CD,OH (see Figs. 5 and 6). Not unexpectedly, 
both compounds exhibited conformations similar to that of 6- 
toxin in CD,OH. NOE and NH exchange data clearly indicated 
the presence of an a-helix between residues 8 or 9 and 22 or 23. 
Small 3JNH-u,-H couplings for a number of the residues within the 
8-22 segment of the Glu' analogue provided additional support 
for the helical structure. No values for 3JNH-aCH were obtained 
for Glu 7-6- toxin. 

Incorporation of a proline amino acid in the centre of the 
molecule had a pronounced effect on the structure. The long 
range NOE interactions (Fig. 7) of Pr0'~-6-toxin 4 were 
confined to the C-terminal half of the peptide. An a-helical 
region extended from approximately the tryptophan at  position 
15 to the lysine at position 22. The C-terminal limit of the helix 
was reasonably clear cut, at residue 22, but the other end was 
less well-defined. Proline is a conformationally restricted amino 
acid and occupies a unique role in polypeptide structure. The 
fixed dihedral angles of proline residues induce disruption in 
helical structure at this amino acid but at the same time these 
angles are ideal for helix initiation. Thus in Pr0'~-6-toxin it is 
probable that the proline residue is at the N-terminus of the a- 
helix and the preceding one or two residues form a bend. The 
interactions observed between the aCH of and the P and y 
protons of IleI6 are therefore more likely to indicate that these 
residues are close in space due to a bend in the molecule rather 
than being incorporated into a helix. Further evidence for the 
short helix was obtained from coupling constant data. Six of the 
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3.6 

3.7 

3.8 

3.9 

NoEsmmTro'5uf N o E s 1 5 0  
~ C H T L ? ' ~  - NH&pl8 

aCHTrp'S - NHl?Irls 

aCHValI3 - 6 ~ ' C H P ~ O ' ~  (2 peaks) 

NHVal13 - 6 SCHPIO" (2 peaks) 

NHTrpq5 - NHlle" 

aCHTrp15 - NHlle16 

p p'CHTrptS - NH1k16 (2 W k S )  

p.p'CHPro" - NHTrpI5 (2 peaks) 8 7 or ~ C H P I O ' ~  . NHTfp'' 

6 SCHPro14 - NHTrp" (2 peaks) 

4.3 

4.4 

8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 
F2 (PPm) 

Fig. 10 TOCSY spectrum containing the aCH-NH cross peaks of 
Glu', Pro14-6-toxin 6.  Assignments of the peaks involving the two 
conformations are as indicated-labelled as Trp15(1) and Trpi5(2). 
Inset are the inter-residue interactions, identified from the NOESY 
spectrum, involving the tryptophan residue. 

eight residues exhibited small values for 3&H-aCH. Moreover, 
these six residues formed the hexapeptide segment IleI6-Asn2 
which is the core of the a-helix. 

Omission of the residue at position 14 in &-toxin caused 
surprisingly little effect on the overall structure of the molecule. 
The results of the de~-Lys'~-&-toxin NMR experiments are 
summarised in Fig. 8. The combination of NOE, coupling 
constant and NH exchange data identified a helical region 
between approximately residue 7 and residue 22 of 5. Once 
again, the N- and C-terminal segments of the peptide were 
relatively unstructured. 

The NMR spectra of Glu8, Pr~'~-&-toxin were interesting but 
disappointing. Although the spectra of 6 were recorded as a 
dilute solution in CD30H-H20 (2 : 1) the peptide aggregated 
and the NMR solution became very viscous after a few hours. 
However, several ai-NHi + and ori-NHi + NOEs were observed 
between residues 13 and 21 (see Fig. 9) but due to lack of 
resolution and poor signal to noise in the NOESY spectrum it 
was not possible to positively identify any ai-Pi + and ai-yi + 

interactions. Many of the NH resonances in the 1D spectrum 
were overlapped and consequently few 3JNH_(I(-H coupling 
constants could be determined. Neither was it possible to 
establish the position of any hydrogen bonds. Although several 
NH protons were in slow exchange with the solvent the overlap 
problem prevented reliable NH assignments. Nevertheless, the 
pattern of the few long range NOEs suggested a structure for 
Glue, Pr~'~-&-toxin similar to that of the Pro'4 analogue, i.e. a 
bend-helix motif in the centre of the molecule with flexible 
terminal segments. 

The most interesting conformational feature of 6 was detected 
in the TOCSY spectrum. Two sets of cross peaks were observed 
for the NH and AMX spin system of Trp" (Fig. 10). The 
chemical shifts of the NH protons differed by approximately 0.7 
ppm. The lower chemical shift value (8.22 ppm), labelled 
Trp"(l), was similar to that observed for the NH proton of 
Trp15 in &-toxin and several of the analogues. The position of 
the other NH resonance at 7.50 ppm [Trp"(2)] correlated well 
with that found for the NH protons of the tryptophan residue in 
Pr~'~-&-toxin.  The chemical shifts of the duplicate a and p 
protons were easily located although the PCH, resonances of 

Trp"(1) were at a slightly lower frequency than expected. If the 
indole ring system was orientated perpendicular to the peptide 
backbone, the ring current effect would shield the NH proton 
and result in the observed shift to lower frequency of the NH 
resonance in Trp"(2). Thus, in the majority of the peptides 
studied and in one conformation of Glu8, Pro14-6-toxin the side 
chain of tryptophan is projected away from the backbone. In 
Pro14-6-toxin and in the second conformation of Glu8, 
toxin the indole ring is bent back towards the backbone of the 
peptide. 

Long range NOEs were observed between the aCH of 
Trp"(1) and the NH protons of Asp18 and Thr" (see inset in 
Fig. 10). Additional inter-residue NOEs were also detected 
between this xCH and NH protons of Va113 and the &-protons 
of Pro14. In contrast, the protons of Trp15(2) were only involved 
in sequential NOEs to the adjacent Pro14 and IleI6 residues. 
Thus, it appeared likely that there were two distinct con- 
formational families of Glu8, Pr~'~-&-toxin possibly as a 
consequence of cis-trans isomerism about the Val' 3-Pro14 
amide bond. 

No substantial evidence was found for inter-chain interac- 
tions. The occasional cross peak in the NOESY spectrum of 
three of the compounds [&-toxin (in CD,OH) and the Glu7 and 
Glu8, Pro14 analogues] could be assigned to this type of 
interaction. If genuine, these dimers were formed from a head 
to tail association of the peptide chains. 

The only remaining incongruous element from the NMR 
spectra was detected in the NH exchange experiment of Pro' 4-&- 

toxin. In addition to the slow NH protons in the short helical 
segment there were a number of others which were also in slow 
exchange with the solvent. Several of these latter peaks were 
unambiguously assigned to amide protons in the relatively 
unstructured region of the peptide, in residues 3, 5, 8, 9,24, 25 
and 26. Thus in Pr~'~-&-toxin there may be hydrogen bonds 
formed between the C-terminal segment of one molecule and the 
N-terminal segment of a second molecule. 

Cross peaks due to interactions involving y, 6 and E protons 
were also observed and assigned in the NOESY spectrum of 
each compound (see Table 3 under miscellaneous inter-residue 
interactions). These additional NOEs were not included in the 
input for the structure determination. 

Structures based on the NMR data were calculated using the 
distance geometry program DGEOM." This works by 
generating structures which satisfy constraints on distances 
between pairs of atoms and torsional angle constraints between 
sets of atoms. A starting structure is modified by alterations in 
torsional angles while keeping the bond lengths and bond 
angles constant. The overall result is a family of conformers and 
each conformation within a family represents a solution to the 
problem of fitting the peptide chain to all the experimental 
constraints. The structures were further refined with the 
molecular mechanics program PIFF22 using the same set of 
constraints. Generated structures were displayed, analysed and 
manipulated using INTERCHEM graphics. All calculations 
were performed on a Silicon Graphics 4D20 workstation. 

The NMR input data is summarised in Table 3 and consisted 
of constraints derived from the NOE interactions, hydrogen 
bond distances and 3&H-(rCH coupling constants. The NOE 
interactions were converted to an allowed proximity range. An 
NOE observed between two protons implies that the distance 
between the two atoms is less than approximately 5 A. However 
a more restrictive upper limit can be specified to NOEs between 
backbone protons. Values have been estimated for the proton- 
proton distances in each of the common secondary structure 
elements i.e. a-helix, 3 ,-helix, parallel and antiparallel P-sheet, 
and type I and type I1 turns.24 The upper limit adopted in our 
calculations was the higher or highest value estimated for each 
intramolecular distance. The lower limit was set to the sum of 
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Table 3 Summary of constraints used in distance geometry calculations 

Glu8, Pr0'~-6-toxin' 
Distance 6- 6- Ac-6- Glu8-6- Glu7-6- Pro14-6- des-Lys14-6- 
constraint (A) toxin toxin toxin toxin" toxina toxin a toxin Trpl5(I) Trp15(2) 

d" ( i j  + 1) 
d" ( i j  + 2) 
d,, (i, i + 1) 
d,, (i, i + 1) 
d,, (i, i + 3) 
d,, (i ,  i + 4) 
d,, (i, i + 3) 
d,, (i, i + 3) 
Proline 
interactions 
Miscellaneous inter- 
residue interactions 
Hydrogen bonds 
9-Torsion 
angles 

Total 

4.5 
4.3 
3.5 
4.7 
4.7 
4.2 
5.1 
5.0 
5.0 

- 

2.9 
- 

~ 

19 
1 

18 
19 
8 
5 

14 
3 

- 

20 

13 
7 

107 

24 
1 

20 
25 
I 1  
10 
19 
6 

- 

110 

19 
10 

145 

24 
10 
22 
21 
18 
9 

15 
8 

- 

59 

21 
11  

159 

13 
0 

14 
12 
9 
5 

11  
4 

~ 

21 

13 
14 

95 

16 
0 

13 
19 
6 
5 

12 
3 

~~ 

12 

12 
0 

86 

21 
1 

21 
14 
4 
1 
4 
2 
4 

1 1  

5 '  
16 

93 

18 
0 

20 
23 

8 
2 
3 
2 

- 

20 

14 
15 

105 

14 
2 

10 
I 1  
3 
3 

n.a. 
n.a. 
4 

33 

ma. 
6 

53 

15 
2 

1 1  
13 
2 
2 

n.a. 
n.a. 
6 

33 

n.a. 
6 

57 

" Solvent = CD,OH. Solvent = CD,OH-H,O (2: 1). Only hydrogen bonds in a-helical segment included in structure determination. Total not 
including miscellaneous inter-residue NOEs. 

Fig. I1  (a) The seven a-carbon backbone structures of &-toxin in 
methanol starting from the idealised a-helix conformation, super- 
imposed to give the best-fit between residues 10 to 20. (b) As in (a) but 
eight structures starting from idealised P-sheet conformation.* 

( b  1 
Fig. 12 (a) Seven a-carbon backbone structures of &toxin in meth- 
anol-water solution. Structures are superimposed to give the best-fit 
between residues 10 to 20. (b) Twelve a-carbon backbone structures of 
Ac-&-toxin in methanol-water solution. Structures are superimposed to 
give the best-fit between residues 10 to 20.* 

the appropriate van der Waals radii. The hydrogen bond 
distance corresponded to a constraint of 2.9 A and these 
constraints were only added in when the basic a-helices were 
apparent from the NOE data. The torsion angles q, calculated 
from the 3&H-aCH coupling constants, were confined to the range 

Starting structures were either the idealised a-helix or P-sheet 
conformation of the peptide. DGEOM evolves structures by 
randomly varying the starting conformation and rejects those 
which violate either the distance or chiral constraints. The 
quality of each conformation was visually assessed and a 
structure was occasionally discarded if it appeared to be grossly 
atypical, but care was taken so as not to improperly bias the 
result in favour of the anticipated structure. 

The results of the DGEOM and PIFF calculations for the 

- 30" to - 180". 

* General comment on Figs. 11-13: The peptide backbone runs from 
the N-terminus at the LHS of the diagram to the C-terminus at the RHS. 

Fig. 13 a-Carbon backbone structures superimposed to give the best- 
fit in the a-helical regions. (a) Glus-6-toxin. (b) Glu7-6-toxin. (c) des 
Ly~ '~4- tox in .  (d) Pro14-6-toxin.* 

CD30H structure of &-toxin starting from both the idealised a- 
helix and P-sheet conformations are illustrated in Fig. l l .  The 
structures are superimposed to give the best fit of the a-carbon 
chain between residues 10 and 20 and four turns of helix are 
clearly discernible. The similarity between Figs. 1 1 (a)  and 1 1 ( b )  
reassuringly reveal that the starting conformation is unimport- 
ant. The structures show good agreement in the central a-helical 
portion of the molecule which is an accurate reflection of the 
quality of the NMR data in this region. Both the N- and C- 
terminal ends were less well-defined by experimental constraints 
and exhibit a high degree of disorder in the calculated 
structures. Another feature revealed by the 3D structures, but 
not obvious in the black and white image of the a-carbon chain, 
is the amphiphilic nature of the a-helix and this confirms the 
predicted arrangement of the charged residues along one face of 
the helix. 

Approximately five turns of the a-helix are observed in the 
calculated aqueous methanolic structures of &toxin and Ac-6- 
toxin [Figs. 12(a) and 12(b), respectively]. Once again these 
calculated structures are reasonable interpretations of the NMR 
constraints with the N-terminus in particular being more 
consistent as a result of the long range NOEs in this region. In 
both of these structure determinations and also those of the 
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peptide analogues, only the P-sheet was used as the starting 
con forma tion. 

Groups of conformers representing the result of the distance 
geometry and molecular mechanics calculations for Glu8-, 
Glu7-and the de~-Lys'~-&-toxin are shown in Fig. 13. Four 
turns of the a-helix are readily defined for each molecule 
between approximately residues 8 and 22. The charged amino 
acids are amphiphically aligned within the helical segment of the 
Glu7 and Glu' compounds whereas in de~-Lys'~-6-toxin the 
aspartic acid at position 1 1 is offset by approximately 120" with 
respect to Asp'' and L Y S ~ ~ .  

The calculated structures for Pr~'~-&-toxin and Glu8, Pro14- 
&toxin were intuitively expected to be less precise. Both proline 
peptides adopt an L-shaped global conformation with a bend 
centred at residues 13/14. A couple of turns of helix between 
positions 15 and 22 are clearly visible in Pr~'~-&-toxin [Fig. 
13(d)] but in the Glu8, Pro'4 analogue the lack of NMR 
constraints in this region translates into a much more variable 
structure although there is a distinct trend towards a helical 
segment (structures not shown). Two families of structures were 
obtained for Glu', Pr~'~-&-toxin in order to try and reflect the 
possible cis-trans isomerism about the Val' 3-Pro'4 amide bond 
but the conformers were too variable to realistically detect any 
consistent differences. 

No NMR spectroscopic data was available for Glu', des- 
Ly~'~-F-toxin due to the insolubility of this peptide in methanol 
and methanol-water mixtures. However, experience with com- 
pounds 4 and 6 suggests that, under the appropriate conditions, 
the structure of Glu7, de~-Lys'~-6-toxin is probably similar to 
that of des-Lys' 4-&toxin. 

Thus, a combination of 2D NMR experiments and molecular 
modelling techniques clearly demonstrates that &-toxin and a 
number of closely related analogues assume well-ordered three- 
dimensional structures in methanol or methanol-water solu- 
tions. The extent of helical character in &-toxin is apparently 
partially influenced by the composition of the solvent and 
partially by the polarity of the N-terminal amino acid. In this 
series of analogue compounds the helical segment survives 
minor modification to the peptide sequence towards the N- 
terminus but is radically curtailed by incorporation of a proline 
in the centre of the molecule. Multiple sequence changes cause 
insolubility and handling problems in the resulting peptides. 

The structures generated by the distance geometry algorithm 
were based on backbone NMR spectroscopic data and only a 
vague indication of the spatial arrangement of the side chains 
was perceived. More sophisticated calculations incorporating 
side-chain to side-chain interactions are planned. Viewed from 
the standpoint of the criteria of Eisenberg and co-workers 2 5  the 
proposed monomeric helical structures for these small peptides 
are unlikely and it is more probable that they exist as transiently 
formed higher oligomers. Structures for &-toxin and Ac-&toxin 
have been deposited in Brookhaven Protein Data Bank26 
(reference codes 2DTB and lDTC respectively). Data for the 
other structures are in the process of being deposited. 

Ion channel studies on this series of compounds are in 
progress. Preliminary results with &-toxin and Ac-&-toxin 
indicate that the synthetic compounds are behaving as expected 
and voltage-dependent ion channels are being formed. Full 
details of these and other experiments will be reported in due 
course. 

Experimental 
Materials.-Fmoc amino acids and resins were purchased 

from Novabiochem. Other reagents for peptide synthesis were 
dimethylformamide (DMF) (peptide synthesis grade, Rath- 
burn), dioxane (Rathburn), piperidine (peptide synthesis grade, 
Rathburn), 1 -hydroxybenzotriazole hydrate (HOBt) (Fluka), 

trifluoracetic acid (TFA) (Applied Biosystems), MeCN (HPLC 
grade, Rathburn) and water (purified by MilliQ water 
purification system). All other reagents were of analytical grade 
and purchased from general laboratory suppliers. HPLC was 
carried out on an Applied Biosystems 15 1A Separation System. 
Peptide samples were analysed on Aquapore RP-300 c8 or c, 8 

analytical columns (4.6 x 100 mm) and purified on preparative 
columns, either Aquapore RP-300 c8 or c18 (10 x 100 mm) or 
Vydac C18 (20 x 220 mm). Samples for preparative HPLC 
were filtered (0.45 pm membranes) prior to purification. 
Peptides were eluted with linear gradients composed of 0.1% 
aqueous TFA and 0.1% TFA in MeCN. Elution was at a flow 
rate of 1 cm3 min-' and 5 cm3 min-' for the analytical and 
preparative Aquapore columns respectively and 10 cm3 min-' 
for the Vydac column. Peaks were detected at 230 nm. Samples 
for amino acid analysis were prepared by sealed tube hydrolysis 
with constant boiling HCl containing a small amount of phenol 
at 110 "C for 24 h and analysed on an LKB 4151 instrument. 
Fast atom bombardment mass spectra were recorded on a 
Kratos MS 50TC spectrometer. 

Peptide Synthesis and Purijication.-Peptides were synthe- 
sised either on a semi-automatic continuous flow instrument 
(Cambridge Research Biochemicals Pepsynthesiser) using 
Sheppard's Fmoc-polyamide m e t h ~ d , ~  or on a fully-automa- 
ted batch instrument (Applied Biosystems 430A) utilising a 
polystyrene resin as the solid support and Fmoc as the N"- 
protecting group. Side chain functionalities were protected as 
follows: Asp(OBu'), Ser(Bu'), Thr(Bu') and Lys(Boc). In the 
semi-automated syntheses the resin (Macrosorb SPR, 1.5 g 
0.1 mmol dm-3 g-') was functionalised with the 3-methoxy-4- 
hydroxymethylphenoxyacetic acid linker and the acylating 
reactions were carried out in a single coupling step in DMF with 
a four-fold excess of either the symmetrical anhydride or 
pentafluorophenyl ester (apart from Asn and Gln which were 
coupled as the p-nitrophenyl esters). Coupling reactions were 
monitored by the ninhydrin 28  and trinitrobenzene sulfonic 
acid 29 colour tests and all were completed within 2 h apart from 
Gln which required a repeat coupling. The progress of synthesis 
was checked several times by total acid hydrolysis and 
subsequent amino acid hydrolysis of small aliquots of peptide 
resin. In each case the progress was satisfactory. In the fully- 
automated approach the Wang resin 30 (1 g, 0.8 mmol dm-3 g-') 
and a double coupling procedure was used. A two-fold excess of 
the symmetrical anhydride was followed by a two-fold excess of 
the HOBt ester apart for Gly which was single coupled with a 
four-fold excess of the symmetrical anhydride and Asn, Gln 
which were activated by the HOBt method in a double coupling. 
Coupling reactions were carried out in 1 :  1 DMF-dioxane 
mixtures for 30 min each and after each coupling phase any 
unchanged amino groups were capped using Ac20. The 
progress of the synthesis was followed by a method developed 
by Ramage and co-workers in which the deprotection of the Nu- 
Fmoc group was continuously monitored by UV spectroscopy 
at 302 nm and the areas under the peaks were calculated to give 
a quantitative assessment of the combined coupling and 
deprotection stages. Acetylated derivatives were prepared by 
treating the completed resin-bound peptide with an excess of 
Ac20. Peptides were cleaved from the resins by treatment with 
TFA-anisole-ethane-1,2-dithiol (9: 0.5 : 0.5) for 1-3 h at room 
temp. under nitrogen. The resin was filtered, the filtrate was 
concentrated under reduced pressure and the peptide was 
precipitated by the addition of ether. Crude peptides were 
shown by analytical HPLC to contain one major peak and were 
generally >60-70% pure at this stage. All the peptides were 
purified in a two-step procedure. The crude peptide was first 
applied to a column of Sephadex 25 (fine, 2.5 x 85 cm) which 
was eluted with 0.2 mol dm-3 AcOH (apart from compounds 7 



1694 J. CHEM. SOC. PERKIN TRANS. 1 1993 

and 7a which were eluted with 20% AcOH). Fractions corres- 
ponding to the main peak were pooled and lyophilised. The 
peptides were further purified by reversed-phase HPLC. The 
purest fractions were then pooled and lyophilised. The purified 
peptides were >95% pure on analytical HPLC and were 
subjected to amino acid analysis and fast-atom bombardment 
mass spectrometry to confirm their composition. Amino acid 
ratios in acid hydrolysates were referenced to phenylalanine. 
Isoleucine values are low due to incomplete hydrolysis of the 
sterically hindered Ile-Ile moieties. Tryptophan was not deter- 
mined and figures in parentheses stand for theoretical values. 
Calculated molecular masses assume one C-13 atom. 

N M R  Data Acquisition and Analyses.-All NMR data sets 
were acquired at 600 MHz ('H) on a Varian VXR 600s 
spectrometer equipped with a Sun 4/110 host computer running 
the VNMR system software version 3.1. Data were acquired 
using either a dedicated proton probehead or an inverse 
probehead. For most purposes probe temperature was main- 
tained at 303K ? 0.1 K. Sets of data consisting of DQF COSY, 
TOCSY, NOESY and a single pulse acquisition were acquired 
sequentially without removal of the sample from the magnet. In 
all cases, the carrier frequency was placed at the CD,OH 
resonance at the centre of the spectrum. All two-dimensional 
acquisitions were carried out with a non-spinning sample. In all 
cases of samples dissolved in CD30H or CD,OH-H,O 
mixtures, water-suppression was achieved by means of low 
power transmitter presaturation during the recycle delay of 
each type of experiment without any detrimental effect to the 
quality of the data. Conditions are described for all two- 
dimensional experiments carried out on Ac-&-toxin, which are 
typical for all the &-toxin analogues. 

Pure absorption two-dimensional DQF COSY, TOCSY and 
NOESY data were collected with quadrature detection into 
2048 complex data points for 2 x 200t1 increments in the 
hypercomplex phase sensitive mode,, ' 32 transients were 
acquired for each t ,  increment with a recycle delay of 2.5 s. Data 
were acquired over a 7 kHz spectral width to give a finalf, 
digital resolution of 3.42 Hz per point. A standard mixing time 
of 80 ms was used in the TOCSY experiment. A mixing time of 
300 ms was randomly varied by 3% over the entire NOESY 
experiment. 

One-dimensional spectra of samples dissolved in CD,OH or 
CD,OH-H20 mixtures were acquired spinning using a 
transmitter solvent suppression technique; 128 transients were 
acquired into 42 K data points over a 7 kHz spectral width with 
a recycle delay of 2.5 s to give a final digital resolution of 0.1 Hz 
per point. 

One-dimensional 'exchange' spectra were acquired on 
samples dissolved in perdeuterated solvent. Typically an array 
of 16 spectra were acquired without removal of the sample from 
the magnet. The fully protonated sample was dissolved in 
CD30D or the CD,OD-D,O mixture just prior to insertion 
into the probe. The first spectrum was acquired as soon as 
possible after insertion and shimming and subsequent spectra 
were acquired at increasing time intervals; 64 transients were 
acquired into 42 K data points over a 7 kHz spectral width with 
a recycle delay of 2.5 s to give a final digital resolution of 0.16 Hz 
per point. 

All data were transferred to a remote Sun 4/330 data station 
for processing using VNMR 3.1 software. 2D data sets were 
transformed by zero filling infl to 1024 K data points before 
apodisation in both dimensions using 4 4  shifted squared 
sinebell window function prior to Fourier transformation. One- 
dimensional data sets were transformed after zero-filling into 65 
K data points. 

In the following assignments when only one chemical shift is 
given for a methylene group it could not be established whether 

the resonances of the two protons were degenerate or whether 
the second resonance could not be observed. All J values are 
given in Hz. 

6-Toxin 1. Amino acid ratios: Met(1) 0.79, Ala(1) 0.93, 
Glu(1) 1.00, Asp(4) 4.07, Ile(5) 4.11, Ser(1) 0.84, Thr(3) 2.77, 
Gly(1) 0.98, Leu(1) 0.96, Val(2) 1.97, Lys(4) 3.81, Phe(1) 
1 .oo (Found: MH + 2978.64692. c1 36H226N33039S + requires 
M ,  2978.64687) 6 H ( ~  6.0 mmol dm-3 in CD30H; 600 MHz) 
Met': aCH(4.00), PCH2(2.21, 2.1 l), yCH2(2.61), ~CH~(2.13);  
Ala2: NH(8.86), aCH(4.29), PCH,( I . a ) ;  Gln3: NH(8.68), 
aCH(4.18), PCHz(2.05, 1.98), yCHz(2.34), 6NH2(7.50, 6.73); 
Asp4: NH(8.3 l), aCH(4.62), PCH2(2.89); Ile5: NH(8.12), 
aCH(3.98), PCH( 1.96), yCH2( 1.60, 1.28), yCH3(0.96"), 6CH,- 
(0.9 1'); Ile6: NH(7.76), aCH(3.78), PCH( 1.99), yCH,( 1.59, 
1.23), ~CH,(0.92~), 6CH3(0.86b); Ser7: NH(8.06), aCH(4.22), 
PCHz(3.94, 3.85); Thr': NH(7.85), aCH(3.98), PCH(4.29), 
yCH3( 1.20); Ile9: NH(8.19), aCH(3.74), PCH(l.96), ~CH~(1.75,  
1.20), yCH3(0.92'), 6CH3(0.82"); Gly": NH(8.46), aCH2(3.85, 
3.72); Asp": NH(8.28), aCH(4.42), PCH2(3.1 1, 2.70); Leu": 
NH(8.06), aCH(4.22), PCH2( 1.86), yCH( 1.86), 6CH3(0.96, 
0.90); Vali3: NH(8.46), aCH(3.58), PCH(2.25), yCH3(l.10, 
0.95); LYS'~: NH(8.1 l), aCH(3.87), PCH,( 1.96), yCH,( 1.42), 
6CH,( 1.65), ECH2(2.93); Trp": NH(8.32), aCH(4.3 I), PCH,- 
(3.59, 3.38), 2H(7.09), 4H(7.50), 5H(6.95), 6H(7.06), 7H(7.32), 
NH(I0.13); Ile'? NH(8.63), aCH(3.48), PCH(2.13), yCH,- 
(1.17), y, 6CH3(0.90); Ile' 7 :  NH(8.49), aCH(3.54), PCH( 1.94), 

aCH(4.36), PCH2(2.94, 2.62); Thr": NH(8.03), aCH(3.69), 
PCH(4.03), ~CH~(0.96);  Val2': NH(8.41), aCH(3.66), PCH- 
(2.17), yCH,( 1.02, 0.93); Asn2 ': NH(8.32), aCH(4.50), PCH,- 
(2.88, 2.69), ~NH~(7 .63 ,  6.84); Lys2': NH(7.92), aCH(3.94), 

yCHz( 1.79, I. 16), yCH,(O.90), 6CH3(0.80); ASP' '1 NH(8.74), 

PCH,( 1.78, 1-65), yCH2( 1.40, 1.19), 6CHz( 1.5 l), ~CHz(2.76); 
Phe2,: NH(7.94),. aCH(4.50), PCH2(3.25, 3.04), 2,6H(7.32d), 
3,5H(7.22"), 4H(7. 19d); ThrZ4: NH(7.74), aCH(4.26), PCH- 
(4.26), yCH3( 1.26); LYS": NH(8.01), aCH(4.22), PCHz( 1.86), 
yCH2( 1.47), 6CH,( 1.64), ECHz(2.92); LysZ6: NH(8.03), aCH- 
(4.36),PCH2( 1.90, 1.75), yCH2( 1.45), 6CH2( 1.63), &CHz(2.90), 
(a,b,c*dthese have not been unambiguously assigned and may be 
reversed); 3 J N H  CH: Ala2 (ca. 4.0), Gln3(5.1), Thr'(2.9), Ile9(3. l), 
Ile16(3.6), Asp' '( 1.9), Val"(3.1); slow NH exchange, present 
after 15 h: Val13, L y ~ ' ~ , " p ' ' ,  Ile16, Ile'7,Asp18,Thr19,Va120, 
Asn2', exchange < 15 h: Asp", Leu',, LyszZ and PheZ3. 6 , [ ~ .  
4.8 mmol dm-, in CD,OH-H20 (2: 1); 600 MHz] Met': 
aCH(4.15), PCH2(2.24, 2.20), yCH2(2.67), &CH3(2.1 3); Ala': 
NH(8.87),aCH(4.40), PCH3(l.49);Gln3:NH(8.63),aCH(4.29), 
PCH2(2.12, 2.05), yCH2(2.42), 6NH2(7.59, 6.86); Asp4: 
NH(8.53), aCH(4.72), PCH2(2.96); He5: NH(8.21), aCH(4. lo), 
PCH(2.01), yCH,( 1.60, 1.33), yCH3( l .OOa), 6CH3(0.96"); Ile6: 
NH(7.93), aCH(3.92), PCH(2.03), yCHz( 1.63, 1.30), yCH,- 
(0.99b), 6CH3(0.92b); Ser7: NH(8.18), aCH(4.37), PCH,(4.00, 
3.93); Thr': NH(7.97), aCH(4.16), PCH(4.40), yCH3( 1.29); 
Ile9: NH(8.15), aCH(3.87), PCH(2.02), yCH2( 1-73, 1.29), 
yCH3(0.99"), 6CH3(0.9lC); Gly": NH(8.47), aCH2(3.97, 
3.80); Asp": NH(8.26), aCH(4.52), PCH2(3.17, 2.85); LeulZ: 
NH(8.10), aCH(4.32), PCHz(1.91), yCH(1.86), 6CH3(l.03, 
0.96); Val' 3: NH(8.51), aCH(3.66), PCH(2.29), yCH3( I .  16, 
1.03); LYS'~: NH(8.05), aCH(3.95), PCH2(2.03), yCH2( 1.50), 
6CH2(1.77, 1.67), ~CH~(3.04);  Tv": NH(8.25), aCH(4.37), 
PCH2(3.69, 3.43), 2H(7.20), 4H(7.60), 5H(7.01), 6H(7.16), 
7H(7.42), NH( 10.18); Ile16: NH(8.72), aCH(3.46), PCH(2.19), 
yCH2(n.a.), y,6CH3(0.94); Ile17: NH(8.50), aCH(3.61), PCH- 
(1.99), yCH,( 1.81, 1.21), yCH3(0.97), 6CH3(0.87); Asp": 
NH(8.70), aCH(4.44), PCH2(3.05, 2.75); Thr": NH(8.06), 
aCH(3.79), PCH(3.98), ~CH~(0.98);  Valz0: NH(8.40), aCH- 
(3.74), PCH(2.21), yCH3(l .O6, 0.99); Am": NH(8.28), aCH- 
(4.58), PCH,(2.90, 2.78), ~NH~(7 .68 ,  6.92); LysZ2: NH(7.86), 
aCH(4.06), PCH2(l.81, 1.71), ~ C H ~ ( l . 3 7 ,  1.20), 6CH2(1.59), 
~CH2(2.87); Phe23: NH(7.96), aCH(4.63), PCHz(3.35, 3.06), 
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2,6H(7.40d), 3,5H(7.32d), 4H(7.28d); ThrZ4: NH(7.79), aCH- 
(4.36), PCH(4.30), yCH3( 1.32); LYS": NH(8. I I), aCH- 
(4.34), PCHz(1.93, 1.89),yCHz(1.54),6CHz(1.73), ~CH~(3.02);  
LysZ6: NH(8.25), aCH(4.42), PCHz( 1.97, 1.82), yCHz(I S2), 
6CHz( 1.72), &CHZ(3.02), (a*b*c,dthese have not been unambigu- 
ously assigned and may be reversed); 3JNHd& Alaz(5. I), 
Gln3(5.4), Asp4(5.6), Ile'(ca. 6), Ser7 (ca. 4), Ile' (ca. 6), Valz0 
(ca. 5), Lyszz (ca. 4), Thrz4(7.1), Ly~'~(7.1); slow NH exchange, 
present after 17 h: Val13, Lys14, Trp", Ile16, Ile17, Asp", 
Thr", Valzo, exchange < 17 h: Ile6, Thr', Ile', Gly", Asp", 
Leu", Amz1, Lysz2, Phe23, Thrz4 and Lys2'. 

Ac-&-toxin la. Amino acid ratios: Met( 1) 0.83, Ala( 1) 0.93, 
Glu(1) 1.04, Asp(4) 3.80, Ile(5) 4.02, Ser(1) 0.81, Thr(3) 2.65, 
Gly( 1) 0.97, Leu( 1) 1.02, Val(2) 1.94, Lys(4) 3.85, Phe( 1) 1 .OO 
(Found: MH + 3020.65749. C13,Hz28N33040S+ requires M ,  
3020.65744) dH[c 1.7 mmol dm-3 in CD30H-HzO (2: 1); 600 
MHz] Met': NH(8.38), aCH(4.39), PCHZ(2.04, 2.02), yCH2- 
(2.60, 2.56), &CH3(2.07"), CH3C0(2.04"); Alaz: NH(8.59), 
aCH(4.14), PCH3 (1.44); Gln3: NH(8.35), aCH(4.10), PCH2- 
(2.09), ~CH~(2 .42 ,  2.36), 6NH2(7.57, 6.82); Asp4: NH(8.27), 
aCH(4.58), PCHz(3.02, 2.98); Ik5: NH(8.19), aCH(3.88), 
PCH(2.00), yCH,( 1.68, 1.21), yCH3(0.94), 6CH3(0.88); Ile6: 
NH(8.05), crCH(3.80, PCH( 1.96), yCHz( 1.65,l a ) ,  yCH3(0.95), 
6CH3(0.86); Ser7: NH(8.26), aCH(4.29), PCHz(4.02, 3.94); Thr': 
NH(7.98), aCH(4.07), PCH(4.38), yCH3( 1.24); Ile9: NH(8.32), 
aCH(3.80), PCH( 1.99), yCHz( 1.74, 1.24), yCH3(0.94), 6CH3- 
(0.86); Gly": NH(8.45), aCHz(3.96, 3.80); Asp' NH(8.24), 
orCH(4.49), PCHz(3.16, 2.82); Leu": NH(8.09), aCH(4.28), 
PCHz( 1.89), yCH( 1.83), 6CH3(0.97, 0.91); Val13: NH(8.49), 
aCH(3.63), PCH(2.25), yCH3( 1.12, 0.98); LYS'~: NH(8.02), 
aCH(3.92), PCHz(l.99),yCHz(I.44), 6CHz(1.71, 1.63), ECH,- 
(2.98); Trp": NH(8.20), aCH(4.33), PCHz(3.65,3.40), 2H(7.14), 
4H(7.54), 5H(6.96), 6H(7.12), 7H(7.37), NH(10.13); Ile16: 
NH(8.68), aCH(3.44), PCH(2.14), yCHz( 1-18), ~CH,(0.92~), 
6CH3(0.88b); Ile' 7: NH(8.45), aCH(3.58), PCH( 1.94), yCH,- 
(1.78, 1.19), yCH3(0.92), 6CH3(0.82); Asp": NH(8.65), 
aCH(4.41), PCHz(2.97, 2.72); Thr": NH(8.01), aCH(3.77), 
PCH(3.96), ~CH~(0.93);  Val2': NH(8.35), aCH(3.71), PCH- 
(2.1 6), yCH3( 1.01, 0.94); Asn21: NH(8.22), aCH(4.56), PCHz- 
(2.88, 2.77), yNHz(7.64, 6.88); LYS": NH(7.81), aCH(4.03), 
PCHz(1.75, 1.66), yCHz(1.31, 1.14), 6CHz(1.53), ~CH~(2.81); 
Phez3: NH(7.91), aCH(4.60), PCHz(3.32, 3.03),2,6H(7.34"), 3,5 
H(7.27), 4 H (7.22'); ThrZ4: NH(7.73), aCH(4.32), PCH(4.27), 
yCH3( 1.27); LysZ5: NH(8.09), aCH(4.32), PCH2(l .88, 1.83), 
yCHz( 1.48), 6CHz( l.68), ~CHz(2.96); LysZ6: NH(8.20), aCH- 
(4.38), PCHz(1.91, 1.76),yCHz(1.46),6CHz(1.67), ECHz(2.95), 
(aTb*cthese have not been unambiguously assigned and may be 
reversed); 3JNHdCH: Met'(5.3), Ala2(4.0), He6 (ca. 5.31, Thr8(4.6), 
He9 (ca. 3.9, Val13 (<3.0), (<3.0), Asp" (<3.0), 
LyszZ(4.2), Phe23(7.2), ThrZ4(7.5); slow NH exchange, present 
after 15 h: Gly", Asp", Leu", Va113, Lys14, Trp'', Ile16, Ile17, 
Asp", Thrl', Val2', Amz1, exchange < 15 h: Ala', Asp4, Ile', 
He6, Ser7, Thr', Ile9, Lysz2, PheZ3 and ThrZ4. 

Gfu8-6-toxzn 2. Amino acid ratios: Met( 1) 0.94, Ala( 1) 0.92, 
(3142) 2.14, Asp(4) 3.99, Ile(5) 4.33, Ser(1) 0.78, Thr(2) 1.75, 
Gly(1) 0.96, Leu(1) 0.99, Val(2) 1.99, Lys(4) 3.77, Phe(1) 1.00 
(Found: MH+ 3006.64186. C ~ ~ ~ H Z Z ~ N ~ ~ O ~ O S +  requires M, 
3006.64179) d,(c 5.9 mmol dm-3 in CD30H; 600 MHz) Met': 
xCH(4.09), PCHz(2.24, 1.99), yCHz(2.68), &CH3(2. 18); Ala': 
NH(8.83),aCH(4.40),PCH3(1.47);Gln3:NH(8.52),aCH(4.36), 

(8.43), aCH(4.76), PCHz(2.94, 2.88); Ile5: NH (ca. 8.OO), 
aCH(3.50), PCH( 1.41), yCHz( 1.33), y,6CH3(0.93); Ile6: NH- 
(8.00), aCH(4.26), PCH(1.98), ~CH~(1.56,  1.26), y,6CH3(0.93); 
Ser7: NH(8.07), aCH(4.50), J3CH2(3.89); Glu': NH(8.12), aCH- 
(4.48), PCH(2.10), yCHZ(2.56,2.35); Ik9: NH(8.47), aCH(4.09), 
PCH( 1.9% yCHz( 1.60, 1.38), yCH3( 1.04), 6CH3(0.99); Gly": 
NH(8.82), aCHz(3.89); ASP": NH(7.96), aCH(3.59), PCHZ- 

PCHz(2.02), yCHz(2.41, 2.14), 6NHz(7.57, 6.84); Asp4: NH- 

(3.03, 2.86); Leu": NH(8.02), aCH(4.31), bCH2- 
(1.84), yCH( 1.93), 6CH3( 1.07, 0.99); Val' 3: NH(8.23), aCH- 
(3.70), PCH(2.24), yCH3( 1.16, 1.04); Lys14: NH(7.79), aCH- 
(3.98), PCHz(2.00), yCH,( 1.48), 6CHz( 1.75, 1.65), ~CH~(3.02);  
Trp": NH(8.18), aCH(4.39), PCHz(3.63, 3.4.9, 2H(7.17), 
4H(7.58), 5H(7.03), 6H(7.16), 7H(7.42), NH(10.22); Ile16: 
NH(8.60), aCH(3.57), PCH(2.16), yCHz(1.25), y,6CH3(0.97); 
Ile' 7: NH(8.46), aCH(3.64), PCH( 1.99), yCHz( 1.84, 1.25), 
yCH3(0.98), 6CH3(0.88); Asp": NH(8.68), aCH(4.46), PCHp- 
(3.05, 2.79); Thr": NH(8.06), aCH(3.83), PCH(4.09), yCH3- 
(1.04); Valz0: NH(8.42), aCH(3.77), PCH(2.23), yCH3( 1.09, 
1.01); Asn": NH(8.29), aCH(4.60), PCHz(2.92, 2.80), yNH2- 
(7.65, 6.92); LYS": NH(7.90), aCH(4.06), PCH,( 1.83, 1.72), 
yCHz(1.40, 1.24), 6CHz(1.59), ~CH~(2.87);  PheZ3: NH(7.99), 
aCH(4.62), PCH2(3.36, 3.09), 2, 6H(7.42a), 3, 5H(7.32), 4H- 
(7.26"); ThrZ4: NH(7.79), aCH(4.34), PCH(4.34), ~CH~(1.34);  
LYS": NH(8.1 l), aCH(4.34), PCH2(1.92), yCHz(l .55) ,  6CH2- 
(1.73), ECHz(3.01); LysZ6: NH(8.22), aCH(4.46), PCHz( 1.98, 
1.82), yCHz( 1.52), 6CH2( 1.72), &CHZ(3.00), (athese have not 
been unambiguously assigned and may be reversed); 3JNHdCH: 

Gln3(6.7), Ser7(7.4), Glu8(7.5), Asp''(5.4), Leu"(4.5), Lys14- 
(6.7), Trp' 5(3.4), IleI6(3.8), Asp1'(3.2), Thr"(3.4), AsnZ1(4.5), 
LysZ2(5.O), Lysz5(5.7), L~s'~(8.2); slow NH exchange, present 
after 12 h: ValI3, Lys14, Trp", Ile16, Ile17, Asp'', Thr", Valzo, 
exchange < 12 h: Asp", Leu12, A d 1 ,  LysZ2 and PheZ3. 

Ac-Gfu8-6-toxin 2a. Amino acid ratios: Met( 1) 0.84, Ala( 1) 
0.77, Glu(2) 1.99, Asp(4) 4.10, Ile(5) 3.78, Ser(1) 0.85, Thr(2) 
1.88, Gly(1) 0.73, Leu(1) 0.93, Val(2) 1.98, Lys(4) 3.85, Phe(1) 
1 .OO (Found: MHt 3048.65242. C139Hzz8N33041S+ requires 
M ,  3048.65235). 

Gfu7-6-toxin 3. Amino acid ratios: Met( 1) 0.92, Ala( 1) 1.02, 
Glu(2) 2.37, Asp(4) 3.92, Ile(5) 3.47, Thr(3) 2.81, Gly(1) 1.15, 
Leu(1) 0.99, Val(2) 1.94, Lys(4) 3.77, Phe(1) 1 .OO (Found: MH+ 
3020.65749. C138Hzz8N33040S+ requires M ,  3020.65744) SH(c 
7.0 mmol dm-3 in CD30H; 600 MHz) Met': aCH(4.02), PCHz- 
(2.19, 2.12), yCHz(2.60), &CH3(2. 13); Ala': NH(8.75), aCH- 
(4.37), PCH3( 1.41); Gin3: NH(8.25), aCH(4.39), PCHz(2.00), 
yCHZ(2.45, 2.17), 6NHZ(7.5 1, 6.84); Asp4: NH(8.06), aCH- 
(4.40), PCH2(3.13, 2.74); Ile': NH(7.93), aCH(4.22), PCH(1.82), 
yCHz( l.l6), y,6CH3(0.87); Ile6: NH(7.94), aCH(4.16), PCH- 
(1.85), yCH2( 1 S O ,  1.15), yCH3(o.9oa), 6CH3(0.82"); Glu7: 
NH(8.45), aCH(4.32), PCHz( 1.96), ~CH~(2.34,  2.08); Thr': 
NH(7.80), aCH(4.43b), J3CH(4.37b), yCH3( 1.24); Ile': NH(8.55), 
aCH(3.95), PCH(1.92), ~CH~(1 .64 ,  1.33), yCH3(0.98"), 6CH,- 
(0.96"); Gly'O: NH(8.22), aCHz(3.90, 3.74); Asp": NH(8.28), 
aCH(4.72), PCHz(2.85, 2.75); Leu": NH(7.87), aCH(4.24), 
PCH2( 1.84), yCH( 1.79), 6CH3(0.97, 0.91); Val' 3: NH(8.33), 
aCH(3.61), PCH(2.24), yCH3(I. 10, 0.97); Lys14: NH(8.05), 
aCH(3.90), PCH2( 1-98), yCHz( 1.43), 6CHz( 1.68), ~CH~(2.95); 
Trp": NH(8.32), aCH(4.32), PCHz(3.58, 3.40), 2H(7.09), 
4H(7.53), 5H(6.98), 6H(7.09), 7H(7.35), NH( 10.20); Ile16: 
NH(8.65), cxCH(3.53), PCH(2.14), yCHz(l.20), y,6CH3(0.92); 
Ild7: NH(8.50), aCH(3.58), PCH(1.95), yCHz(1.81, 1.17), 
yCH3(0.92), 6CH3(0.82); Asp": NH(8.73), aCH(4.40), PCHz- 
(3.01, 2.70); Thr": NH(8.07), aCH(3.72), PCH(4.06), 
yCH3(0.99); Valz0: NH(8.43), aCH(3.69), PCH(2.19), yCH3- 
(1.04, 0.96); Asn": NH(8.31), aCH(4.53), PCHz(2.89, 2.73), 
yNHz(7.59, 6.89); LYS": NH(7.93), aCH(3.98), PCH,( 1.82, 
1.68), yCHz( 1.43, 1.22), 6CHz( 1.54), ~CH~(2.80);  Phez3: 
NH(7.97), aCH(4.52), PCHz(3.27, 3.07), 2, 6H(7.37d), 3, 
5H(7.25), 4H(7 .22d); Thrt4: NH( 7.79), aCH( 4.29), PCH(4.29), 
yCH3( 1.30); LYS": NH(8.04), aCH(4.24), PCHz( 1.89), yCHz- 
(1.48), 6CHz( 1.67), ECHz(2.94); LysZ6: NH(8.09), aCH(4.41), 
PCHz(1.90, 1.78), yCHZ(1.45), 6CH2(1.64), &CHz(2.94), 
(a*b*c*dthese have not been unambiguously assigned and may be 
reversed); slow NH exchange, present after 12 h: Trp15, Ile16, 
Ile17, Asp", Thr", Valz0, Asn21, exchange <12 h: Leu12, 
Val13, Lys14, LysZ2 and PheZ3. 



1696 J.  CHEM. SOC. PERKIN TRANS. 1 1993 
Ac-Glu7-6-toxin 3a. Amino acid ratios: Met( 1) 0.79, Ala( 1) 

0.99, Glu(2) 2.18, Asp(4) 4.07, Ile(5) 4.31, Thr(3) 2.78, Gly( 1) 
1.03, Leu(1) 1.06, Val(2) 2.04, Lys(4) 4.07, Phe(1) 1.00 
(Found: MH+ 3062.66787. C140H230N33041S+ requires M, 
3062.66800). 

Pro14-6-toxin 4. Amino acid ratios: Met(1) 0.91, Ala(1) 0.99, 
Glu(1) 1.00, Asp(4) 4.01, Ile(5) 3.86, Ser(1) 0.87, Thr(3) 2.83, 
Gly( 1) 1 .OO, Leu( 1) 1.02, Val(2) 1.97, Pro( 1) 1 .OO, Lys(3) 2.97, 
Phe(1) 1 .OO (Found: MH+ 2947.60460. C13,H2,,N3,03,S+ 
requires M, 2947.60468) SH(c 4.3 mmol dm-3 in CD30H; 600 
MHz) Met': aCH(4.07), PCH2(2.23, 2.17), yCH2(2.65), ECH,- 
(2.13); Ala2: NH(8.78), aCH(4.39), PCH,( 1.46); Gln3: NH(8.50), 
aCH(4.31), PCH2(2. 11 , 2.01), yCH2(2.38), 6NH2(7.50, 6.78); 
Asp4: NH(8.41), aCH(4.74), PCH2(2.95, 2.89); Ile5: NH(8.07), 
aCH(4.15), PCH( 1.97), yCH2( 1.56, 1.28), yCH3(0.96"), 6C- 
H3(0.92"); Ile6: NH( ca. 7.90), aCH(3.47), PCH(l.97), yCH,- 
(1.38, 1.31), ~CH,(0.96~), 6CH3(0.9Ob); Ser7: NH(7.99), aCH- 
(4.42), PCHz(3.87, 3.96); Thr': NH(7.87), aCH(4.27), 
PCH(4.36), yCH3( 1.25); Ile9: NH(7.97), aCH(4.03), PCH( 1.98), 
yCH2( 1.64, 1.29), yCH3(0.96'), 6CH3(0.90'); Gly": NH(8.30), 
aCH2(3.90); Asp": NH(8.02), aCH(4.75), PCH2(2.%); Leu12: 
NH(8.06), aCH(4.50), PCH2( 1.89), yCH( 1.78), 6CH3(0.98, 
0.89); Vali3: NH(7.98), aCH(3.91), PCH(2.35), yCH3( 1.16, 
0.97); aCH(4.20), PCH2(2.28, 1.76), yCH2(2. 14, 1.99, 
SCHz(3.72); Trp": NH(7.38), aCH(4.40), PCH2(3.49, 3.40), 
2-H(7.23), 4H(7.54), 5H(7.01), 6H(7.1 l), 7H(7.37), NH(10.25); 
Ile16: NH(8.29), aCH(3.66), PCH(2.1 l), yCH2( 1.88, 1.18), 
y,6CH3(0.94); Ile17: NH(8.18), aCH(3.66), PCH( 1.94), 
yCH2( 1.69, 1.23), yCH3(0.95), 6CH3(0.84); Asp": NH(8.37), 
aCH(4.46), PCH2(3.01, 2.82); Thr": NH(7.92), aCH(3.89), 
PCH(4.19), yCH3( 1.12); Valzo: NH(8.27), aCH(3.78), 
PCH(2.20), yCH3( 1.07, 0.99); Asnz1: NH(8.22), aCH(4.60), 
PCH2(2.89, 2.79), yNH2(7.57, 6.85); Lysz2: NH(7.90), 
aCH(4.04), PCH2( 1.80, 1.70), yCH2( 1.39, 1.29, SCH2( 1.59), 
~CH~(2.86);  Phe23: NH(7.93, aCH(4.62), PCH2(3.33, 3.08), 2, 
6H(7.34d), 3,5H(7.27), 4H(7.22d); Thrz4: NH(7.73), aCH(4.34), 
PCH(4.31), yCH,(1.3 1); Lysz5: NH(8.04), aCH(4.32), 
PCH2( 1 .91), yCH2( 1.52), 6CH2( 1 . n ) ,  ~CH~(2.99); Lysz6: 
NH(8.15), aCH(4.44), PCH2( 1.96, 1 .SO),  yCH2( 1 S O ) ,  
6CH2( 1.69), &CH2(2.99), (a*b*c.dthese have not been unambigu- 
ously assigned and may be reversed); 3&.d& Ala2(5.6), 
Gln3(6.4), Asp4(7. l), Ile5(6.8), Ser7(6.2), Thr8(6.8), Asp' '(6.6), 
Ile16(5.6), Ile' 7(3.6), A~p"(3.4)~ Thr"(6.0), Valz0(4.7), 
Asn2'(4.5), Phe23(7.7), Thrz4(7.7), L y ~ ~ ~ ( 8 . 1 ) ;  slow NH 
exchange, present after 12 h: Ile16, Ile17, Asp'', Thr", Valzo, 
Thrz4, Lys2', Lysz6, exchange < 12 h: Gln3, Ile5, Thr', Ile9, 
Asn2', and possibly Asp4, Gly" and Asp' '. 

Ac-Pr0'~-6-toxin 4a. Amino acid ratios: Met(1) 0.49, Ala(1) 
0.98, Glu( 1) 1.02, Asp(4) 4.17, Ile(5) 3.79, Ser(1) 0.86, Thr(3) 
2.78, Gly(1) 1.00, Leu(1) 0.99, Val(2) 1.93, Pro(1) 0.98, Lys(3) 
2.86, Phe(1) 1.00 (Found: MH+ 2989.61529. C137H223- 
N&4oS+ requires M ,  2989.61 524). 

Des-Lys14-6-toxin 5. Amino acid ratios: Met(1) 0.91, Ala(1) 
1.01, Glu(1) 1.02, Asp(4) 3.93, Ile(5) 3.98, Ser(1) 0.83, Thr(3) 
2.72, Gly( 1) 1.03, Leu( 1) 1 .OO, Val(2) 1.94, Lys(3) 2.94, Phe(1) 
1 .OO (Found: MH+ 2850.55188. C130H214N3103~S+ requires 
M, 2850.55192) d,[c 1.1 mmol dm-3 in CD30H-H,O (2:l); 
600 MHz] Met': aCH(4.06), PCH2(2.19, 2.16), yCH2(2.63), 
&CH3(2. 13); Ala': NH(8.80), aCH(4.35), PCH3( 1.44); Gln3: 
NH(8.55), aCH(4.26), PCH2(2.07, 2.00), yCH2(2.36), 6NH2- 
(7.54, 6.83); Asp4: NH(8.48), aCH(4.67), PCH2(2.90); Ile5: 
NH(8.13, aCH(4.08), PCH(1.95), yCH,(n.a.), yCH,(O.%"), 
6CH3(0.92)"; Ile6:NH(7.90),aCH(3.93), PCH( 1 .97),yCH2( 1.25), 
yCH3(0.94b), SCH3(0.88b); Ser7: NH(8.1 l), aCH(4.36), PCH,- 
(3.96,3.87);Thr8:NH(7.95),aCH(4.16),PCH(4.34),yCH3(1.25); 
Ik9: NH(8.23), aCH(3.85), PCH(l.96), yCH2( 1.25), yCH3- 
(0.94'), 6CH3(0.88"); Gly": NH(8.35), aCH2(3.93, 3.78); ASP' ': 
NH(8.21), aCH(4.64), PCH2(3.14, 2.90); Leu12: NH(8.07), 

aCH(4.16), PCH2( 1.90), yCH( 1.77), 6CH3(0.96, 0.92); Val' 3: 

NH(8.33), aCH(3.53), PCH(2.20), yCH3( 1.07, 0.93); Trp' ,: 
NH(8.03), aCH(4.29), PCHz(3.57, 3.37), 2H(7.17), 4H(7.56), 
5H(7.02), 6H(7.13), 7H(7.40), NH( 10.15); Ile16: NH(8.40), 
aCH(3.51), PCH(2.13), yCH,(n.a.), y,6CH3(0.92); Ile' 7 :  NH- 
(8.44),aCH(3.57),PCH(1.93),yCH2(1.77),yCH3(0.93d),6CH3- 
(0.83d); Asp": NH(8.71), aCH(4.39), PCH2(2.96, 2.69); Thr": 
NH(7.99), aCH(3.77), PCH(4.00), yCH3(0.97); Valz0: NH(8.36), 
aCH(3.72), PCH(2.17), yCH3(l -02, 0.95); Asn": NH(8.21), 
aCH(4.55), PCH2(2.85, 2.74), ~NH~(7 .63 ,  6.89); Lysz2: NH- 
(7.80), aCH(4.00), PCH2( I .75, 1.65), yCH2( 1.31, 1.14), 6CH2- 
(1.54), ~CHz(2.83); Phez3: NH(7.92), aCH(4.59), PCH2(3.3 1, 
3.03), 2, 6H(7.35e), 3, 5H(7.30e), 4H(7.25"); Thrz4: NH(7.74), 
aCH(4.29), PCH(4.22), yCH3(l .27); Lysz5: NH(8.09), aCH- 

Lysz6: NH(8.22), aCH(4.37), PCH2( 1.92, 1.76), yCH2(I .47), 
SCH2( 1.67), &CH2(2.98), (a*b*c'd*ethese have not been unambig- 
uously assigned and may be reversed); 3&H_olCH: Ala2(5. I), 
Gln3(5.6),Asp4(6.2), Ile5(5.2),Ser7(4.7),Thr'(4.4),Leu' 2( < 5.0), 
Trp"( < 5.0),Ile16( < 5.0),Ile17( < 5.O),Aspl8( c 5.0),Thr19(4.4), 
Lysz2(3.8), Thrz4(7.6), L y ~ ~ ~ ( 7 . 0 ) ;  slow NH exchange, present 
after 14 h: Val' 3, Trp' ', Ile' 6, Ile' 7 7  Asp' ', Thr' ,, exchange < 14 
h: Ile9, Asp", Leu", Val2', Asn2', L Y S ~ ~ ,  Phez3 and Thrz4. 

A~-des-Lys'~-6-toxin 5a. Amino acid ratios: Met( 1) 0.66, 
Ala(1) 1.03, Glu(1) 1.03, Asp(4) 4.11, Ile(5) 4.11, Ser(1) 0.65, 
Thr(3) 2.95, Gly( 1) 0.98, Leu( 1) 1 .OO, Val(2) 1.98, Lys(3) 2.79, 
Phe(1) 1.00 (Found: MH+ 2892.56260. Cl,2H216N31039S+ 
requires M, 2892.56248). 

Glu', Pr0'~-8-toxin 6. Amino acid ratios: Met(1) 0.89, Ala( 1) 
0.95,Glu(2) 1.98,Asp(4)3.77, Ile(5)3.89, Ser(1)0.79,Thr(2) 1.75, 
Gly( 1) 0.98, Leu( 1) 0.98, Val(2) 1.85, Pro( 1) 0.96, Lys(3) 2.83, 
Phe( 1) 1 .OO (Found: MH+ 2975.59946. C, 36H22 1N32040S+ 
requires M ,  2975.59959) S,[C 1.9 mmol dm-3 in CD,OH-H,O 
(2: 1); 600 MHz] Met': aCH(4.06), PCH2(2.20, 2.16), yCH2- 
(2.64), &CH3(2. 13); Ala2: NH(8.78), aCH(4.37), PCH3( 1.43); 
Gin3: NH(8.45), aCH(4.33), PCH2(2.10, 1.98), yCH2(2.36), 
6NHz(7.56, 6.84);Asp4: NH(8.43), aCH(4.72), PCH2(2.90, 2.80); 
Ile': NH(7.98), aCH(4.21), PCH( 1.90), yCH,( 1.48, 1.20), y,6- 
CH3(0.90); Ile6: NH(8.04), aCH(4.23), PCH( 1.91), yCH,( 1 S O ,  
1.20), yCH3(0.92"), 6CH3(0.87"); Ser7: NH(8.1 l), aCH(4.46), 
PCHz(3.83); Glu': NH(8.13), aCH(4.38), PCH2(2.00), yCH2- 
(2.43,2.23); Ile9: NH(8.23), aCH(4. lo), PCH( 1.88), yCH2( 1.53, 
1.26), yCH3(0.95b), 6CH,(o.9ob); Gly": NH(8.63), aCH2(3.89); 
Asp' ' :NH(8.16),aCH(4.77), PCH2(2.93,2.88); Leu' 2:NH(8.2 l), 
aCH(4.44), PCH2( 1.79), yCH( 1.73), 6CH3(0.95, 0.87); Val13: 
NH(8.00), aCH(3.95), PCH(2.21), yCH3( 1.06, 0.92); Pro14: 
aCH(4.19*), PCH2(2.25*", 2.09*'), yCH2(1 .91*', 1.76*'), 6C- 
H2(3.67*); Trp' 5( 1): NH(8.22), aCH(4.58), PCH2(2.84, 2.78), 
[Trp15(2): NH(7.50), aCH(4.42), PCH2(3.46, 3.36)], 2H(7.23), 
4H(7.55), 5H(7.03), 6H(7.15), 7H(7.41), NH( 10.25); Ile16: 
NH(8.17), aCH(3.66), PCH(2.03), yCH,(n.a.), y,6CH3(0.88); 
Ile17: NH(8.1 l), aCH(3.70), PCH(1.92), yCH2(l.66, 1.19), 
yCH3(0.91), 6CH3(0.83); Asp'': NH(8.1 l), aCH(4.24), PCH2- 
(3.31, 3.06); Thr": NH(7.92), aCH(3.94), PCH(4.15), yCH3- 
(1.10); Valz0: NH(8.21), aCH(3.80), PCH(2.18), ~ C H ~ ( l . 0 2 ,  
0.96); Am2': NH(8.34), aCH(4.48), PCH2(2.95, 2.82*), yNH2- 
(7.62, 6.90); Lysz2: NH(7.92), aCH(4.05), PCH2(2.74, 1.67), 
yCH2(1.32, 1.19), 6CH2(1.56), ~CH~(2.85); Phez3: NH(7.99), 
aCH(4.60), PCH2(3.30, 3.04), 2,6H(7.34d), 3,5H(7.30d), 
4-H(7.26d); Thrz4: NH(7.75), aCH(4.3 l), PCH(4.25), 
$H3( 1.27); Lysz5: NH(8.1 l), aCH(4.31), PCH2( 1.87, 1.83), 

aCH(4.39), PCH2(1.93, 1.77), yCH2(1.47), SCH2(1.68), 
&CH2(2.98), (a,b,c*dthese have not been unambiguously assigned 
and may be reversed, *assigned from the NOESY spectrum, 
not observed in the TOCSY spectrum); 3&+&H: Ala2(5.6), 
Gln 3(6. 8), Asp4( 7.3), Ile6(7. 5) ,  Gl y ' O( 5.3) and Thrz4(7. 5). 

Ac-f2u8, Pr0'~-6-toxin 6a. Amino acid ratios: Met(1) 0.85, 

(4.29), PCHz(1.88, 1.84), yCH2(1.48),6CH2(1.69), ECHz(2.97); 

yCHz( 1.49), 6CH2( 1 J O ) ,  ~CHz(2.98); Lysz6: NH(8.23), 



J. CHEM. SOC. PERKIN TRANS. I 1993 1697 

Ala(1) 0.94, Glu(2) 2.04, Asp(4) 3.81, Ile(5) 3.90, Ser(1) 0.80, 
Thr(2) 1.73, Gly( 1)  0.96, Leu( 1) 0.98, Val(2) 1.87, Pro( 1) 1.01, 
Lys(3) 2.85, Phe(1) 1.00 (Found: MH' 3017.61008. C138H223- 
N,,O, S + requires M ,  301 7.61 01 5 ) .  

Glu7, de~- lys '~-6- toxin  7 .  Amino acid ratios: Met(1) 0.78, 
Ala(1) 0.91, Glu(2) 2.10, Asp(4) 3.93, Ile(5) 4.27, Thr(3) 2.63, 
Gly(1) 1.01, Leu(1) 1.09, Val(2) 1.99, Lys(3) 3.06, Phe(1) 1.00 
(Found: MH + 2892.56260. C 32H2 6N3 03,S+ requires M ,  
2892.56248). 

Ac-Glu', de~- lys '~-6- toxin  7a. Amino acid ratios: Met( 1) 
0.88, Ala(1) 0.97, Glu(2) 2.30, Asp(4) 3.98, Ile(5) 4.24, Thr(3) 
2.70, Gly(1) 0.99, Leu(1) 1.06, Val(2) 1.94, Lys(3) 2.97, Phe(1) 
1 .OO (Found: MH+ 2934.57299. C134H218N31040S+ requires 
M, 2934.57304). 
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