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The amino acid sequence of an octapeptide from sawfly (Lophyrotoma interrupta) larvae, which acts as a 
liver toxin, has been determined as C6H ,COAla -P he-Val-I le-Asp-Asp-G lu -G In. The amino acids, 
Ala, Phe, Asps, and GIu7 residues, have the D absolute configuration. 

The poisoning of cattle by ingestion of larvae of an Australian 
species of sawfly (Lophyrofoma inferrupfa) is a serious problem 
in several of the grazing areas of Queensland.i*2 Generally, the 
disorder occurs in later winter or spring when there is a heavy 
infestation of the silver-leaf ironbark tree (Eucalyptus melano- 
phloia), the principal host of the sawfly larvae. Large accumu- 
lations of dead larvae may collect on the ground. Animals eat 
such material, and develop a considerable liking for it. It has 
been suggested that it may act as a protein source. However, 
the end result is poisoning, and critically affected animals 
usually die within two days. 

The first report of the isolation of a toxic factor is due to 
L e ~ n a r d . ~  An improved method for isolation of the toxin was 
reported by Oelrichs et a1.4 They reported the isolation of an 
essentially pure toxin with an LDioo of 2 mg/kg. Amino acid 
analysis showed the presence of the following amino acids 
(molar ratios given in parentheses): Asp (1.89), Glu (1.93), Ala 
(1 .OO), Val (1.16), Ile (0.82), Phe (0.92) (taking Ala = 1 .OO). The 
N-terminus of the putative peptide was found to be blocked, 
but mass spectrometry established benzoyl as the N-termin- 
al-blocking group and determined the partial sequence C6Hs- 
COAlaPheValIle 0 .  This partial sequence was established 
through the occurrence of the expected acyl sequence ions at 
m/z 105, 176, 323, 422, and 535 in the mass spectrum of the 
toxin, and at m/z  105, 190, 351, 464, and 591 in the mass 
spectrum of the permethylated toxin. On the assumption that 
the amino acid analysis accounts for all the components of 
the toxin (now named lophyrotomin 4), its structure is therefore 
represented by C,HSCOAlaPheValIle(Asx2Glx2), where Asx 
and Glx represent aspartyl or asparagyl, and glutarnyl or glut- 
aininyl, residues respectively. The remaining problems in the 
structure determination are therefore (i) to establish the se- 
quence and nature of the last four residues, (ii) to establish the 
absence of other entities in the toxin, and (iii) to determine 
the absolute configurations of the amino acids. The experi- 
ments which determine these points are now described. 

Results and Discussion 
(i) N.M.R. Srudies.-In order to obtain information as to the 

overall composition of the toxin, its 270-MHz 'H n.m.r. 
spectrum was obtained, using a ca. 0.03~-solution in (CD& 
SO. The spectra were obtained at various temperatures in the 
range 25-75 "C, and both before and after the addition of 
D20 in order to determine the number of NH resonances in 
the sample. Although electrophoretic experiments indicate 
that the toxin contains several carboxy  group^,^ no discrete 
carboxy proton resonances were seen in the 6 10-13.5 p.p.m. 
region. Such protons appear to be in fast exchange with 
traces of water in the (CD3)2S0 solution, as evidenced by the 

Table 1. Relative numbers of protons in various environments in 
lophyrotomin 

6 (p.p.m.) No. of protons Assignment 

0.5-1.9 19 CH(CH& 
CH3 

CH( CH3)CH2CH3 

-CH2CHZCO- ( x 2) 
1.7-3.2 12 -CH,CO- ( x 2) 

3 . 9 4 . 7  7.4 a-CH of amino acids 
7.1-8.0 11.7 Aromatic H 
6.9-9.0 9 f l b  NH 

Values normalised relative to 19 protons in the 0.5-1.6 region. 
Value obtained by D20 exchange. 

appearance of a very broad, multi-proton resonance in the 
region 4.8-6.5 p.p.m. at temperatures in the range 45-75 "C. 
The results of integration of the proton spectrum are given in 
Table 1. 

On the assumption that lophyrotomin is an octapeptide 
containing two aspartic acid and two glutamic acid residues, 
then the number of protons appropriate to rows 1-5 of 
Table 1 are 19 : 12 : 8 : 10 : 8. Thus, within the limits of ac- 
curacy of the spectral integrations, the 'H n.m.r. spectrum 
indicates that lophyrotomin is indeed an octapeptide but with 
the proviso that either the four (Asx + Glx) residues have 
carboxylic acid side chains or three of these residues have 
carboxylic acid side chains and one is present as Asn or Gln 
(or possibly iso-Asn or iso-Gln at the C-terminus). These 
possibilities correspond to eight and ten exchangeable NH 
protons, respectively. The latter possibility is supported by 
the observation in a 400-MHz spectrum [see section (v)], of 
two relatively sharp NH proton singlets at 6.20 and 6.85 
p.p.m. Upon irradiation of one of these resonances, transfer of 
saturation to the other is observed, consistent with their as- 
signment to a CONH, group. 

The overall composition of lophyrotomin was also investi- 
gated by I3C n.m.r. at 67.8 MHz in D20 solution. The spectrum 
was recorded with proton-noise decoupling. The S : N ratio in 
the 6 170-1 86 p.p.m. region was insufficient to give a count of 
the carbonyl carbons, but signals in the 128-138 p.p.m. 
region were consistent with the presence of two aromatic 
rings. Signals at 6 51.0, 52.3 ( x 2), 54.9, 55.3, 55.9, 59.4, and 
60.2 p.p.m. indicated the presence of eight ct-CH carbons. The 
6 1 0 4 0  p.p.m. region contained fifteen clearly resolved 
signals; these correspond to either fifteen or sixteen carbon 
atoms. The ambiguity arises because one resonance (6 28.5 
p.p.m.) is of rather greater intensity than the others, and could 
conceivably correspond to either one or two carbon atoms. 
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H2N+= CHCH2CH2C02CH3 

( 1 )  m/z 116, Glu 

CH2CH 2CO2CH3 
I +  

H,NCHCON =CH CH2CH,C02CH3 
H 

fH2C02CH3 ' 
CH3 CH 2 CHCH2CONCH C02CH3 

I H 
CH3 

(2') m / z  259, IleAsp 

(3 )  m/z 368, (AspGluGlu) 

CHZCOZCH, 
I +  

H~CHCONCHCON=CHCti2CH2C02CH3 
I H H  

CH,CHCH2CH3 

(4) m/z 358, Ile(AspGlu) 

CHZCO 2CH 3 
I + 

I H H I H  
H2N CHCONCH CON CHCON= CH CH CH ,CO CH, 

C H3C H ZCH CH 3 CH2C02CH3 

( 5 )  m/z 467, Ile(AspAspGlu1 
or Ile(GluG1uAsp 1 

The octapeptide structure requires fifteen resonances in this 
region. 

(ii) Sequence Studies and Molecular Weight Determination 
by Mass Spectrometry.-Since sequence information had not 
been obtainable beyond the fmt four residues of the toxin, 
selective cleavage of the peptide backbone was attempted, to 
be followed by mass spectral sequencing of the fragments. 
Attempts to cleave the peptide enzymatically (chymotrypsin, 
papain, carboxypeptidase A, carboxypeptidase Y, thermoly- 
sin) were unsuccessful. This failure was due to one or more of 
the amino acids not possessing the L-absolute configuration (as 
confirmed subsequently). Attempted hydrazinolysis (hydra- 
zine hydrate at 130 "C for 30 min) also failed to cause sig- 
nificant cleavage. However, reaction with 10% methanolic 
HCl for 10 days at room temperature gave a mixture con- 
taining both unchanged toxin and methyl esters of amine 
hydrochlorides. This mixture was subjected to direct analysis 
by mass spectrometry, components of the mixture being 
partially separated by fractional volatilisation from the direct 
insertion probe. Peaks which appeared to contain useful 
structural information, or intense peaks whose origin was 
obscure, were selected for further study. Among these cases 
were: at a source temperature of 220 "C, m/z 116 and 259; at 
240 "C, m/z 388, and 429; and at 260 "C, m/z 487. Metastable 
peaks established at m/z 388 and 487 both lose methanol to 
give m/z 356 and 455, respectively. 

All these peaks, except m/z 429, were initially interpreted as 
corresponding to the ions (1)-(5). For clarity, the structural 
inferences are also indicated. It will be evident that the se- 
quence of Asp and Glu residues in (3)-(5) is arbitrary. Since 
these interpretations cannot give the order of the Glu and Asp 
amino acids by reference to any one ion, only comparison 
between ions indicates how they might be joined together. 

CH3CH2CH CH,CONCHCONCHCO,CH, 
I H I  
CH3 CHzCO2 CH3 

(3 ' )  m / Z  388, IleAspAsp 

3c'CcH CH2 CO C H3 ? 
I t  

CH3CHCHZCONCHCONCHC02CH3 
I H H  

(4') m / r  358, ValIleAsp 

CH3 

CH3 CH3 : 
'd I $H2C02CH3 

CH3CHCH2CONCHC0NtHCONCHCO2CH3 
I H H H I  

CH3 CH2C02CH, 

(5)  m/z 487, ValIleAspAsp 

H >  
RC=NH 

The ambiguity in potential information from the m/z 487 
moiety (5) arises since the charged (right-hand terminal) frag- 
ment could be -N=CHCO,Me [rather than as written in ( 5 )] ,  

and in this case the ' in-chain ' amino acids would both have 
to be glutamic acids. The interpretations are supported by 
the mass shifts of the ions (1)-(5) in the mass spectra of 
products from reaction in CD30D-HCl (followed by brief 
treatment with H20 to back-exchange ND to NH). The ions 
then appear at m/z 119, 265, 397, 364, and 497, consistent 
with their containing 1, 2, 3, 2, and 3 methoxy groups, 
respectively. 

Persuasive as these interpretations appear, being based on 
an established favourable fragmentation of simple pep tide^,^ 
they are incorrect except in the case of (1). This is established 
by high resolution measurements which are given in Table 2. 

Except for (l), the compositions of the ions differ from the 
structural formulae accompanying (2)-(5) in so far as a 
nitrogen atom must be replaced by CHt. In order to deduce 
the origins of these related ions, is it clearly best to consider 
first that of lowest mass (m/z 259). The composition of this 
ion establishes that it contains three double-bond equivalents, 
two of which must be associated with the carbonyls of ester 
groups (see above); it is highly probable that the third is due 
to a carbonyl of the peptide backbone. Since the ion is other- 
wise saturated, it must correspond to a radical-cation. The 

+ 
n 
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Table 2. High resolution data on ions (1)-(5), and on the decomposition product, m/z 455, of ( 5 )  

Error Error 
Ion (rn/z) Composition (p.p.m.) Ion (m/z) Composition (p.p.m.) a 

(1) (1 16) GHioN02 1 (4) (358) Ci7H3oN206 1 
(2) (259) C12H21NOs 0 (5) (487) C22H37N304 4 
(3) (388) C17H28NZOS 6 (455) CziH33N308 0 

Differences between measured mass and the mass calculated from the given composition. 

y 3  

105 148 

190 289 402 534 666 
C H CO NHCH COZCH3 C H 3 C O P ~ ~ ~ I ~ A ~ A ~  

I 
OCD, OCD, 

6 5 1  _t 
(8) m/z 207 (9) 

number of carbon atoms demands that all, or major parts, of 
at least two amino acids be incorporated in the ion. Therefore, 
formation of the ion must occur uia a process which results in 
an amino acid losing its amino group. All these requirements 
can be satisfied if m/z 259 corresponds to (2’). The ions m/z 
388, 258 and 487 then correspond to (3’), (4’), and (5’), re- 
spectively. All can be generated in a process in which a hydro- 
gen rearranges to the a-carbon of an amino acid with associated 
loss of its amino group; for example, (6) ----t (7), which 
assumes (without evidence) that the fragmentation is electron- 
impact induced, rather than thermally induced with subsequent 
ionisation of a fragment. 

These interpretations lead to a self-consistent sequence for 
the octapeptide of C6H,COAlaPheValIleAsxAsxGlxGlx. 

Since the above sequence for an octapeptide is based on (i) 
a novel and unexpected fragmentation and (ii) a lack of direct 
observation of the two Glx residues, independent evidence for 
the sequence was sought and found. N-Benzoylalanine methyl 
ester (8) is produced in relatively large amounts upon treating 
lophyrotomin with 10% methanolic HCI for 10 days at room 
temperature. This relatively volatile component is identified 
from peaks in its mass spectrum at m/z 105, 148, and 207; 
these peaks appear at m/z 105,148, and 210 when the methan- 
olysis is carried out in CD30D-HCI (followed by back ex- 
change of ND for NH), and this component shows an abun- 
dant quasi-molecular ion (MH +) in its NH3 chemical ionis- 
ation spectrum at m/z 208. A corollary of this finding is that 
the product mixture should contain the amine hydrochlorides 
of one or more peptides containing N-terminal phenylalanine. 
Two aliquots of the mixture from methanolysis and CD30D- 
HCI were therefore taken; one was acetylated with Ac20- 
MeOH (1 : 3) and the other with [2H,]-Ac20-MeOH (1 : 3). 
The former product showed abundant sequence ions at m/z 
190, 289, 402, 534, and 666. The ions correspond to the 
acylium ions formed by cleavage, as indicated in (9). The ions 
at m/z 402 and 666 lost CO and CD30H, respectively, to give 
m/z 374 and 631, 

In the spectrum of the product from reaction with [2H,]- 
Ac20, as expected, these ions appeared at m/z 193, 292, 377, 
405, 537, 634, and 669. 

With the above independent evidence for the IleAsx- 
Asx - - sequence in the toxin, based on the well established 
formation of the acylium ions, it remained to obtain direct 
evidence for two terminal Glx residues attached to Asx. This 
was achieved by further analysis of the mass spectrum of the 
10 day MeOH-HCl product. The same series of spectra which 
contain the ions listed in Table 2 contain abundant ions at m/z 
196 and 339; the former undergoes loss of MeOH to m/z 164 
with an appropriate metastable peaks at m/z 137.2, and the 

Table 3. High resolution data on m/z 196 and 339 

Ion Composition Error (p.p.m.) 
m/z 196 ~ H l o N 1 0 4  0 
mtz 339 C15&9N207 0 

(10) 

(11 1 

latter undergoes two successive losses of MeOH to m/z 307 
and 275, with appropriate metastable peaks at m/z 278.0 and 
246.3. The mass difference (143 a.m.u.) between m/z 196 and 
339 corresponds to glutamic acid residue (as its methyl ester); 
this inference is confirmed by high resolution measurements 
(Table 3). 

Since m/z 196 shifts to m/z 199 when methanolysis is carried 
out with methanol containing a CD3 group, this ion must 
contain one methyl ester function. This requirement, and its 
composition, are satisfied if the ion arises by in-chain cleavage 
at an Asp residue (10) -+ (11) which in turn is attached at 
its C-terminal side to a Glx residue which appears as pyro- 
Glu in the resulting ion. Thus, this well precedented fragmen- 
tation at Asp confirms the formerly presumed sequence - - AsxGlxGlx in lophyrotomin. 

The molecular weight of lophyrotomin, and an independent 
sequence determination of its consistituent amino acids was 
achieved by application of the technique of fast atom bom- 
bardment (FAB) mass spectrometry.’** The positive ion FAB 
mass spectrum of the toxin is reproduced in Figure 1. The 
presence of the abundant MH+ ion at m/z 1040 corresponds 
to the presence of four carboxy and one primary amide group 
in the toxin. Four kinds of sequence ions are observed in the 
spectrum. Those sequence ions which contain the N-terminal 
portion of the peptide correspond to acylium ions (12), or 
or protonated amide ions (1 3) ; (1 3) carries a charge by virtue 
of being protonated at one site, and the CONH2 group is 
generated from a backbone secondary amide by hydrogen 
rearrangement from the portion lost as a neutral moiety.* Ions 
corresponding to (12) occur at m/z 105, 176, 323, 422, 535, 
650, 765, and 894 (and MH+ at 1040); this indicates the 
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GlnOH/GluNH2 

C H CO _ _  ................................................................ - -. .. . . . . . . . . . . . . . . . . . . . .  Ala ......................... .............................................................. 
6 5  

Glu  ASP 
Phe ............................................................... -- ................................ Val ................................ 

__. 

32 3 
+t I le + 

Figure 1. Positive ion FAB mass spectrum of lophyrotomin in the region m/z 320-1 050 

R--C+=O (R'CONH~)H+ 

(12 1 (13) 

sequence C,HSCOAlaPheValIleAspAspGluGln or the related 
sequence with the C-terminal Gln replaced by the isomeric 
amino acid carrying the amide on the backbone carbonyl and 
the carboxy function in the side chain. Ions corresponding to 
(13) at m/z 667, 782, and 911 (in conjunction with M H + )  
confirm the nature of the three amino acids constituting the 
C-terminal portion. 

Those sequence ions which contain the C-terminal portion 
of the peptide correspond to protonated amine fragments (14), 
or protonated alkyl in fragments (15).8 Each of these frag- 
ments is formed via a hydrogen rearrangement from the in- 
cipient neutral moiety.8 Ions corresponding to (14) at m/z 865, 
718, 619, and 506 (Figure 1) indicate the sequence XPheVal- 
IleY, where the masses of X and Y are in accord with the 
proposed sequence. Very low abundance ions, corresponding 
to (15), at m/z 849, 702, 603, and 490 confirm this sequence. 
Despite the low abundance of this last series of ions, the pres- 
ence of the attendant isotope peaks, and their relationship to 
the series based upon (14) (16 mass units lower), leave us in 
no doubt as to their structural significance. 

The spectrum reproduced in Figure 1 was obtained only 
after traces of sodium and potassium salts had been carefully 
removed from the toxin by ion-exchange chromatography. 
Prior to the chromatography, the spectrum was more complex 
and showed peaks in the molecular ion region at m/z 1 078 
( M  + K+), 1084 [ (M + 2Na+) - H+], 1 100[(M + Na+ + 

R3 
I 

(H$R*)H+ ( THCO-)H+ R' CONH - 

K + )  - H+], 1 116[(M+ 2K+)  - H+], 1 122[(M + 2Na+ + K + )  - 2H+], 1 138[(M+ 2K+ + Na+) - 2H+], and 

A number of the structural conclusions derived from the 
positive ion FAB spectrum could be confirmed from the 
negative ion FAB spectrum (Figure 2). This shows an extreme- 
ly abundant (M - HI- ion at m/z 1 038. A series of sequence 
ions, most generally expressed in terms of the anion (16), 
occur at m/z 338, 437, 550,  665, 780, and 909. These together 
with the (M - H)- ion at m/z 1038 indicate the sequence 
XValIleAspAspGluGln (or, as before, the C-terminal residue 
may be iso-Gln). 

1 154[(M + 3K+) - 2H+]. 

(iii) Determination of the C- Terminal Residue of Liver 
Toxin.-It remains for us to distinguish between the two pos- 
sible isomers at the C-terminus of liver toxin: the primary 
amido group of the C-terminal amino acid could possibly be 
at the a-position (iso-Gln) or at the y-position (Gln). The 
amino acids glutamine and isoglutamine can be readily dis- 
tinguished chromatographically. However, all attempts to 
release the C-terminal residue enzymically (carboxypeptidase 
A; carboxypeptidase Y ; combinations of several non-specific 
proteases and aminopeptidases) failed. This is perhaps not 
surprising since any peptide that is toxic by ingestion must be 
either reasonably resistant to enzymic hydrolysis which can 
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Figure 2. Negative ion FAB mass spectrum of lophyrotomin in the region m/z 410-1 050 

Table 4. Amino acid composition after treatment with TIB 

Starting material Amino acid ,- L , Control 
ratio Ac-Gln Ac-iso-Gln 2,4-DAB Liver toxin Liver toxin 
Ala 1 .oo 1 .oo 
Phe 0.96 0.91 
Val 0.94 1.16 
Ile 1.01 0.82 
ASP 1.93 1.89 
Glu 0.3 0.3 1.19 1.93 

2,4-DAB 0.6 1.0 0.89 
As 4-oxobutyric acid lacks a primary amino group, it does not form a coloured derivative with ninhydrin and thus is not detected in the 

amino acid analyser. Relative to the amount of the starting material. 2,4-DAB, Lys, and Om are not resolved on this analyser. 

occur in the digestive system, or quickly absorbed. The alter- 
native approach was to remove the benzoyl blocking group, or 
any N-terminal fragments, enzymically (thermolysin, sub- 
tilisin, papain) or chemically (partial acid hydrolysis with 
various acids and reaction conditions). In principle, the C- 
terminal sequence information could then be determined by 
the classical Edman degradation method. Such approaches 
either caused no cleavage or resulted in concurrent hydrolysis 
of the primary amido group. 

Therefore, the acid labile primary amide was converted into 
an amino group (Hofmann rearrangement) by treating the 
liver toxin with Z,l-bis(trifluoroacetoxy)iodobenzene (TIB)? 
The resulting peptide was (i) totally hydrolysed and the pro- 
ducts subjected to amino acid analysis and (ii) treated with 
naphthalene-1-sulphonyl chloride and the acid hydrolysate 
analysed by h.p.1.c. (Scheme 1). 

The results from the amino acid analysis (Table 4) clearly 
show that treatment of acetylated glutamine and liver toxin 
resulted in (i) the appearance of an amino acid with identical 
retention time with 2,4-diaminobutyric acid, and (ii) reduction 
in the amount of glutamic acid obtained after acid hydrolysis. 
These results indicate that the terminal residue of the toxin 
is glutamine. 

The above results are qualitatively confirmed by treatment 

of the Hofmann rearrangement products with naphthalene-l- 
sulphonyl chloride prior to acid hydrolysis. The resulting 
1 -naphthylsulphonylated amino acids were analysed by 
reverse phase h.p.1.c. The advantage of this method is that both 
possible products resulting from C-terminal Gln [2-amino-4- 
(1-naphthylsulphony1amino)butyric acid] or iso-Gln [4- 
amino+( 1-naphthylsulphonylaminobutyric acid] can be de- 
tected. In our h.p.1.c. system, 2-amino-4-( l-naphthylsul- 
phony1amino)butyric acid and 4-amino-4-( 1 -naphthylsul- 
phony1amino)butyric acid have retention times of 16.1 and 
21.9 min, respectively. The 1 -naphthylsulphonylated amino 
acid obtained from lophyrotomin showed a retention time of 
16.1 min, thus confirming the assignment of glutamine as the 
C-terminal residue. 

(iv) Studies of Absolute Configuration of the Amino Acids.- 
In principle, the absolute configurations of the amino acids 
constituting the toxin can be determined by a number of 
methods. Among these are gas chromatography of suitable 
derivatives of the amino acid on a chiral column,1o and gas 
chromatography of N-trifluoroacetyl-~-prolyl methyl ester 
derivatives of the amino acids." Methods based on both these 
principles have been used. 

A sample of the toxin was hydrolysed in ~ M - H C ~  at 110 "C 
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C02H 
I 

C02 H 
I 

y 2  

CH 2 

P-N- CHCONH2 
H I  

iso-Gln 

C02H 
I 
CH2 I ii S"t f-- 

jH2 CH2 
H I  

CHO P - N-CH-NH2 

iiil 4-Oxobutyric acid 

CO, H 
I 

CH2 
I 
y 2  

H$J-CH-NH -R 

CON H2 
I 
CH2 
I 
CH2 

H I  
P-N-CHC0,H 

Gin 

NH2 I "12 

i i  $"2 

CH2 y 2  

- 
H2N-CHC02H 

H I  
P-N-CHCO2H 

2,4 - Diaminobutyric 
acid (DAB) 

4 - Ami no - 4- (1-naphthylsulphony1amino)- 2-Amino-4- ( 1  - napht hylsulphony1amino)- 

butyric acid butyric acid 

Scheme 1. Reagents: i, TIB; ii, HCl; iii, naphthalene-1-sulphonyl chloride 

for 72 h, conditions known to lead to only a small amount of 
ra~emisation.'**~~ The resulting mixture of amino acids was 
deri~atised,'~ using N-trifluoromethyl-L-prolyl chloride pre- 
pared by a literature procedure." After partial separation of 
the resulting mixture of derivatives by t.l.c., the derivatives 
were compared with those of authentic D- and L-amino acids 
on g.1.c. The retention times of the derivatives established that 
Val, Ile, one Asp, and one residue producing Glu on hydroly- 
sis, have the L-configuration, while Phe, one Asp, and one 
residue producing Glu on hydrolysis, have the D-configuration. 
The data for Ala were ambiguous. 

In view of the above ambiguity, a sample of the toxin 
hydrolysate was subjected, after conversion into the N- 
trifluoroacetyl methyl ester derivatives, to g.1.c. on a ' Chirasil- 
Val ' (Applied Science) chiral column. Comparison of the 
retention times of the components with those of authentic 
samples confirmed the above conclusions, and additionally 
established that Ala from the toxin possesses the D-configur- 
ation. 

If the amino acid constituents of lophyrotomin are num- 
bered 1-8 from the N-terminus, it remains to be determined 
whether AspS or Asp6 is D, and whether Glu' or Gln8 is D. 
The distinction for the Asp residues was achieved as follows. 
Fragments, obtained by partial acid hydrolysis (10% aqueous 
HCl; 100 "C; 1.5 h) of the toxin, were partially separated by 
reverse phase h.p.1.c. One fraction from h.p.1.c. was observed 
to give very abundant ions at m/z 493 and 247 in the positive 
ion FAB mass spectrum. These ions correspond to MH+ 
signals from the peptides PheValIleAsp and IleAsp. Support 

for the assignment of the peak at m/z 493 came from the 
fragmentation pattern, which established loss of C-terminal 
Asp [loss of 1 16 to give ion type (1 3) and loss of 133 to give ion 
type (12)]. Additionally, esterification of this peptide with 
MeOH-HCl gave, by FAB analysis, a diester (MH+ at m/z 
521), and acetylation with Ac20-H20 gave a monoacetyl 
derivative (MH+ at m/z 539, as required. The m/z 247 ion also 
showed the expected increments in these experiments. 

Following the above analytical experiments, the remainder 
of the above fraction from h.p.1.c. was completely hydrolysed 
with ~ M - H C ~ ,  and the resulting mixture of amino acids con- 
verted into the corresponding N-trifluoroacetyl isopropyl 
esters. These derivatives were then subjected to g.1.c. on a 
chiral ' Chirasil-Val ' column. Co-chromatography with 
authentic derivatives of D- and L-As~, and D- and L-Phe estab- 
lished that the hydrolysate contains both D- and L-As~, and 
D- and L-Phe. The observed D : L Asp ratio was ca. 6 : 1 and 
the D : L Phe ratio >lo : 1. These results confirm that D-Phe 
occurs in the toxin, and establish that AspS is D. The smaller 
ratio of D : L Asp (relative to D : L Phe) may be due to the 
expected limited amount of racemisation of Asp during hy- 
drolysis,12 and contamination of the fraction with traces of 
peptides containing both Asp residues. 

The absolute configurations of residues (7) and (8) were 
determined from a complete acid hydrolysate of the crude 
Hofmann degradation product, previously established as con- 
taining 2,4-diaminobutyric acid (DAB) at the C-terminus 
(Scheme 1). As before, N-trifluoroacetyl isopropyl esters of the 
resulting amino acids were prepared, and these analysed by 
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Aromatics 

Y 

d - C H  Protons 

Vertical Expansion X 2  

L. 1 I 1 I 1 I I 1 - 1  
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8 (p.p,m. from DSS) 

Figure 3. 'H N.m.r. spectrum of lophyrotomin at 400 MHz in (CD&3O with sodium 4,4-dimethyl4silapentanesulphonate (DSS 
as internal reference 

gc-ms on a ' Chirasil-Val ' column. The amino acid derivatives 
were identified by their retention times as well as their positive 
and negative ion CI-MS, while their absolute configurations 
were determined by co-chromatography with authentic 
derivatives. The hydrolysate contained D- and L-G~u in the 
ratio ca. 93 : 7, and D- and L-DAB in the ratio ca. 5 : 95. Thus 
the penultimate residue, Glu', has the D-configuration. 

The presence of D-amino acids in liver toxin strongly 
indicates that the peptide was generated by a non-ribosomal 
biosynthetic pathway. Therefore it cannot be assumed that all 
the aminodicarboxylic acids, D- and L - A s ~  and D-G~u, form 
peptide bonds through the a-carboxy groups. The possibility 
that Asp and/or Glu may be present in the peptide as iso-Asp 
and/or iso-Glu was investigated by a selective deuteriation 
procedure, using a published meth~d, '~  with the modification 
that DzO was used instead of TzO. The selective deuteriation 
of an amino acid residue containing a free a-carboxy group is 
based upon oxazolone formation in peptides by the action of 
acetic anhydride, followed by base-catalysed hydrolytic ring 
opening (in DzO). This results in racemization and deuteriation 
of the a-carbon in the amino acid (Scheme 2). 

Liver toxin was treated with acetic anhydride-pyridine in 
the presence of DzO (LT-D), and a control sample was not 
thus treated. Both samples were then subjected to Hofmann 
degradation and total hydrolysis. The chiralities of the amino 
acids produced were analysed by gc-ms using negative ion 
chemical ionization (NH3), as described earlier; the results are 
given in Table 5. It can be seen that deuterium was not 
incorporated into aspartic acid and therefore the toxin does 
not contain any iso-Asp residues. About 10% of L-DAB 
racemized to the D-isomer in LT-C, probably during the acid 
hydrolysis step. From this it can be calculated (using the data 
in Table 5 )  that roughly 20-30% of L-DAB in LT-D race- 
mized with deuterium incorporation. This results in an 
increase in the amount of D-DAB relative to the L-isomer, and 
in both isomers having unusually abundant + 1 isotope peaks. 

O Y " '  O Y R '  
0 (CH2)n 0 (dH$, 
II I I t  I 

R-CC-NNH-CH-CO~H R-C-NH-CH-CO-OAC 

I 
U 

R' 
'OD 

,N. 1'' 

\ 

\ iii 

Scheme 2. n = 1 or 2. Reagents: i, Ac20; ii, pyridine, D20; iii, 
D2O 

This result confirms that the toxin contains a C-terminal 
glutamine residue. The data for the glutamic acid are 
complicated by the fact that in this experiment ca. 30% of the 
C-terminal Gln did not undergo the Hofmann degradation. 
The hydrolysis product of LT-C therefore contains ca. 40% 
of L-Glu relative to D-Glu. The racemization of L-G~u in 
LT-D produced equal amounts of deuterium labelled D- and 
L-Gln. The proportion of each that did not undergo Hofmann 
degradation was hydrolysed to deuterium labelled D- and 
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Table 5. Isotopic abundance and relative amounts of some D- 
and L-amino acid derivatives in LT-C and LT-D 

% Isotopic abundance relative 
to ( M  - H)- peak a 

0 + 1  +2 

D-G~u 100 15 4 
L-G~u 1 0 0  14  
D-DAB 100 11 4 
L-DAB 100 13  2 
D - A s ~  100  19 13 
L - A s ~  100 20 

(i) LT-C 

(ii) LT-D 
D-G~u 1 0 0  20 3 
L-GIu 100 4 3  1 4  
D-DAB 32 100 14 
L-DAB 100 66 8 
D-As~  100  17 13 
L - A s ~  1 0 0  17 13 

For D- and L-DAB the isotopic abundance was 
to the base peak at m/z  332 because the ( M  - 
351 is very weak. 

D : L Ratio 

}lo0 : 40 

}lo: 100 

}80: 100 

loo: 20 

20: 100 i 
} l o o :  100 

measured relative 
H)- peak at m/z  

L-G~u, equal amounts of which supplemented the unlabelled 
material. Since there was originally ca. five times more 
unlabelled D-G~u than unlabelled L-G~u, this addition of 
deuteriated Glu had a much greater effect on the abundance of 
the $1 isotope peak of the L-G~u derivative than on that of 
the D-G~u  derivative. It is concluded from these experiments 
that the toxin does not contain an iso-Glu residue. 

(v) 'H N.M.R. Studies at 400 MHz.-The conclusions re- 
garding the amino acid constitution of the toxin arrived at by 
mass spectrometric and chemical degradative means are 
substantiated by high field n.m.r. The 'H n.m.r. spectrum of 
lophyrotomin at 400 MHz in (CD3)$30 is shown in Figure 3. 
With the increased dispersion at higher field, the carboxy 
group protons are in slow exchange with residual water in the 
sample, and their broad resonance is detectable at 11.7 p.p.m. 
However, when the large HzO signal is suppressed by irradi- 
ation for 1 s prior to accumulation, as in Figure 3, rapid 
chemical saturation transfer results in the disappearance of the 
low-field peak. The rest of the spectrum is almost completely 
assignable using a combination of double resonance tech- 
niques and chemical shift arguments. 

Decoupling difference spectroscopy can be used to establish 
connectivities between the peptide NH and C,H protons. Thus 
signal a couples to k, b and c to j (whose intensity corresponds 
to two protons), and d to i. The doublets e and f correspond 
to two protons each, the former showing coupling to 1 and n, 
and the latter to m, which is also a two-proton multiplet. 
When the rather broad singlet h is saturated prior to acqui- 
sition, transfer of saturation is observed to g, identifying these 
two signals as those of the glutaminyl amide NH protons. 

When the C,H region is decoupled, the coupling pattern to 
the peptide NH portion of the spectrum is confirmed while 
certain other connectivities are revealed. Signal i is coupled to 
o and p, while irradiation of j decouples q and r (partially 
obscured by residual solvent protons). When k is saturated 
the doublet x, corresponding to three protons, is collapsed to 
a singlet. This doublet can only be assigned as being due to 
the alanyl methyl group, implying that k is due to the alanyl cc- 
proton, and a to the alanyl NH. The two-proton peak m 
couples into r and s, and n into v. 

Irradiation at signal t shows that it is coupled to z', which 

Table 6.  N.m.r. assignments of the spectrum in Figure 3 

Signal Assignment 
a D-AlaNH 
b D- or L -As~  NH 
c L- or D-As~ NH 
d D-Phe NH 
e L-Val NH, D-G~u NH 

f 
g 
h 
1 

j 
k 
1 
m 
n 

L-Gln NH, L-Ile NH 
L-Gln amide NH 
L-Gln amide NH 
D-Phe C,H 
2 x Asp C,H 
D-Ala C,H 
L-Gln C,H 
D-G~u and L-Val C,H 
L-Ile C,H 

Signal Assignment 
o L-Phe C,H 
p L-Phe CBH 

r 2 x Asp CBH 
s 

t L-Gln CBH, D-G~u C,H 

u L-Gln CBH, D-G~u CBH 
v L-Ile C,H 
w L-Ile C,H 
x D-Ala CH, 
y L-Ile C,H 
z 2 x L-Ile CH, 
z' 2 x L-Val CH, 

q 2 x ASPCBH 

2 x L-GlnCYH,2 x D-G~u 
C,H 

L-Val C,H 

is due to two methyl groups, as well as to 1 and m. The single 
proton resonance w couples with v and with z, while coupling 
to z is also shown by y. 

The non-exchangeable 'H n.m.r. spectrum of a random coil 
linear peptide is only very slightly sequence-dependent.16 
This fact allows resonances to be assigned to particular amino 
acid types by comparison with published peptide chemical 
shifts l7 with confidence, although distinction between the two 
aspartyl residues, and between the glutamyl and glutaminyl 
residues, is impossible. However, addition of sodium meth- 
oxide shifts the cc-proton resonance 1 upfield without notice- 
ably perturbing any other non-exchangeable signal. This fact 
suggests that it is in close proximity to a carboxy group and 
must therefore correspond to the cr-proton of the C-terminal 
glu tamine. 

Assignments consistent with the decoupling and chemical 
shift evidence are shown in Table 6. 

Conclusion 
The structure of lophyrotomin, a toxic octapeptide from the 
larvae of an Australian species of sawfly (Lophyrotoma 
interrupta) is thus C,H,CO-(D)-Ala-(D)-Phe-(L)-Val-(L)-Ile- 
(D)-Asp-(L)-Asp-(D)-Glu-(L)-Gln. 

Although the site of action of the toxin in the cell is as yet 
undetermined, it is noteworthy that the N-terminal region of 
the peptide is highly hydrophobic, and the C-terminal portion 
relatively hydrophilic, with several carboxy groups. Thus the 
N-terminal portion should be readily lipid (membrane) 
soluble, while the C-terminal portion is suitable to bind metal 
ions. Thus, it is interesting to speculate that the toxicity may 
be related to the binding of metal ions within the cell. That the 
toxin may have evolved as a deterrent to predators of the 
larvae is indicated by the resistance which will exist to its hy- 
drolysis by the predator. This resistance is conferred by the 
presence of several D-amino acids and a blocked N-terminus. 

The presence of four D-amino acids in a peptide isolated 
from an animal is, so far as we are aware, without precedent. 
However, at this stage we cannot preclude the possibility that 
the peptide, or some or all of its D-amino acid components, is 
biosynthesised by one or more of the simpler organisms with 
which the larvae interact. 

Experimental 
N.M.R. and Mass Spectra.--'H and I3C N.m.r. spectra were 

obtained on Bruker WH-270 and WH-400 instruments, op- 
erating in the Fourier transform mode. For 'H spectra, tetra- 
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methylsilane was employed as internal standard, and for 13C 
spectra in D20, sodium 3-trimethyl~ily1[2,2,3,3-~H~]propion- 
ate (TSP) was used as internal standard. 

Electron impact mass spectra were obtained on an AEI 
MS9 instrument operating at 70 eV with a resolving power 
(10% valley definition) of ca. 1 500. Simple mixtures of pep- 
tides, produced by partial hydrolysis of lophyrotomin in 
HC1-MeOH, were partially resolved by repeated introduction 
of the sample into the mass spectrometer source over the 
temperature range 200-300 "C. High resolution measure- 
ments on selected peaks (to provide atomic compositions) were 
carried out at a resolving power of ca. 20 OOO, using peaks in 
the spectrum of heptacosafluorotributylamine to provide 
reference masses. 

Chemical ionisation (CI) mass spectra were recorded on a 
VG 70-70 instrument, using ammonia as the reagent gas. FAB 
mass spectra were obtained on a Kratos MS 50 mass spectro- 
meter. Samples of the toxin in glycerol were bombarded with 
fast Xe atoms, obtained by charge exchange of 4 keV Xe+ 
ions. 

Isolation ofLophyrotornin.-Lophyrotomin was isolated by a 
procedure which is improved relative to that originally des- 
cribed. Milled, dried larvae (250 g) were extracted 3 times with 
boiling MeOH-H20 (9 : 1) (1 l), and the extract concentrated 
under reduced pressure to a thick syrup. Water (200 ml) was 
added, the water insoluble material removed by centrifuge and 
washed 5 times with water (200 ml). After concentration, the 
solution (500 ml) was basified with ammonium hydroxide to 
pH 9-10 and extracted 3 times with diethyl ether followed 
by 3 times with butanol. The residue (300 ml) was concen- 
trated to remove the butanol and ammonia, and then acidified 
with sulphuric acid to pH 1-2. The solution was passed 
through a colunin of Woelm polyamide (50 g), the column 
washed with water (500 ml), and the toxin displaced by wash- 
ing with 0.Olwammonium hydroxide (1 1). The column was 
then washed with water (2 I), and the original solution which 
still contained some unadsorbed toxin was passed through 
again. After being washed with water (500 ml), the additional 
toxin was displaced with 0.01 M-ammonium hydroxide (1 1). 
The 2 eluates containing the toxin were combined and dried 
under reduced pressure. 

The residue (ca. 2 g) was dissolved in MeOH-H20 (9 : 1) 
(30 ml) and thoroughly mixed with silicic acid (30 mg). This 
was evaporated under reduced pressure to remove the solvents, 
slurried with MeOH-CHCI, (1 : 4), packed into a column and 
eluted initially with MeOH-CHCl, (1 : 4) (200 ml), followed 
by a concentration gradient of acetic acid to a maximum of 
20% in this solvent. Fractions (50 x 10 ml) were monitored 
using t.1.c. and bioassay; those containing the toxin were 
combined and dried. 

The toxin was further purified by column chromatography 
on Sephadex G 25 superfine (100 g) using 0.h-ammonium 
hydrogen carbonate as solvent, and Whatman CC 41 (70 g) 
using butanol-ethanol-1 M-ammonium hydroxide (60 : 13 : 30) 
as solvent. 

The toxin was isolated by ascending chromatography on a 
silica-gel G column with chloroform-methanol-acetic acid- 
water (65 : 25 : 5 : 5 )  (a technique described previously 4, to 
give a white solid (150 mg). This crystallised from methanol 
to give small granular crystals, and was shown to be a single 
compound by the methods previously de~cribed.~ 

Small samples of toxin were further purified, and freed 
from metal ions, by ion-exchange chromatography. Typically 
the above toxin (1 mg) was dissolved in water (1 ml) and 
passed through a column (25 cm and 5 mm internal diameter) 
of Zeo-Karb 225-SRC 14 resin in the acidic form. The toxin 
was completely eluted with water (4 ml), the elution being 

followed by U.V. absorption at 260 nm. The eluate was freeze- 
dried to give the pure acidic form of the toxin (MH+ m/z 
1040; Figure 1). 

Partial Acid-hydrolysis of Lophyrotomin with HCl-Me0H.- 
Lophyrotomin (2.5 mg) was left in a solution of 10% HC1- 
MeOH (2 ml) at room temperature for 10 days. The reagents 
were then removed by evaporation at room temperature. The 
product was analysed by mass spectrometry, as indicated in 
the text, employing a temperature gradient at the probe as 
described above. 

This hydrolysis was repeated on a separate sample of 
lophyrotomin, using 10% HCl-CDSOD as the reagent. 

Acylation of the Product of Partial Methano1ysis.-The 
product (2.0 mg) from treatment with 10% HCl-CD30D, as 
described above, was dissolved in methanol (1.2 ml), and the 
resulting solution separated into two equal portions. To one 
was added Ac20 (0.2 ml), and to the other, [2H&Ac20 (0.2 
ml). Each solution was then kept at room temperature for 4 h, 
and the reagents then removed by evaporation at room 
temperature. The mass spectra described in the text were 
obtained in the source temperature range 220-280 "C. 

Absolute Configuration of the Amino Acids.-Lophyrotomin 
(1 mg) in the acid form was hydrolysed in 6wHC1 at 110 "C 
for 72 h in a sealed glass tube. The resulting mixture of amino 
acids was converted into the N-trifluoroacetyl-L-prolyl 
methyl ester derivatives using literature The 
crude mixture was separated by t.1.c. (Merck silica gel 60F 
plates, layer thickness 0.25 mm), the plate being developed by 
hexane-ethyl acetate 6 : 4. Three bands were isolated by ex- 
traction of the silica with chloroform: band 1, RF 0.0-0.1; 
band 2, RF 0.1-0.2; and band 3, RF 0.2-0.5. 

The above bands were analysed by g.l.c., employing a 
Perkin-Elmer F11 gas chromatograph (flame ionisation 
detector) fitted with a 2.5% silicone OV-1 on AW-DMCS 
Chromosorb G 60-80 mesh glass packed column (2 m x 
2 mm I.D.). The carrier gas was nitrogen, the flow rate 50 ml 
min-I, and the column temperature 165 "C for alanine (band 
3 from t.l.c.), valine and isoleucine derivatives (band 2 from 
t.l.c.), and aspartic acid and glutamic acid derivatives (band 1 
from t.1.c.). The temperature was raised to 208 "C for the 
phenylalanine derivative (band 2 from t.1.c.). The retention 
times of the derivatives, when compared with those of deriv- 
atives of authentic D- and L-amino acids, established the 
absolute configurations reported in the text of the paper. 

Configuration of Asp5.-Lophyrotomin (2.7 mg) was sub- 
ject to partial acid hydrolysis [lo% aqueous HCl (2 ml) at 
100 "C for 1.5 h]. The peptide fragments were isolated by 
freeze drying, and then subjected to semi-preparative reverse 
phase h.p.1.c. (pCls column; first eluted with 5% aqueous 
acetic acid, and then with propan-2-01). Fractions were 
collected every minute, and those having U.V. absorption were 
analysed by FAB mass spectrometry. Fraction 28 contained 
extremely abundant MH+ ions at m/z 493 and 247, corres- 
ponding to PheValIleAsp and IleAsp (see text for details). 

Fraction 28 was subjected to acid hydrolysis ( ~ M - H C ~ ;  
sealed tube; 110 "C for 24 h), and the resulting amino acids 
then heated with propan-2-01 (2 ml) containing HCl (1.25~) 
at 100 "C for 30 min in a sealed tube. Volatile liquids were 
then removed by rotary evaporation. The residue was dis- 
solved in CH2C12 (2 ml), cooled to -78 "C, and trifluoro- 
acetic anhydride (0.4 ml) was added with magnetic stirring. 
The solution was allowed to warm to room temperature, and 
then left for 1 h before the solvent and excess of reagent were 
removed by a stream of dry nitrogen. The residue was dis- 
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solved in ethyl acetate (100 pl) in preparation for g.1.c. analy- 
sis on a ' Chirasil Val ' column (25 m x 0.24 mm I.D.) in an 
Erba Science Fractovap 41 60 capillary gas chromatograph, 
programmed for a temperature gradient of 4 "C/min from 80 
to 180 "C, with 4-min holds at 80 and 180 "C. The above 
solution (1.5 pl) was used in a splitless injection. The carrier 
gas was hydrogen at a pressure of ca. 9 lb in-' and the injector 
temperature was 300 "C. The retention times of the derivatives 
established the conclusions given in the text. 

Ho fmann Degradation, Amino Acid Analysis, and Configur- 
ation at  Glu' and Ala'.-Material and instruments. 2,4-Di- 
aminobuytric acid hydrochloride, naphthalene-1-sulphonyl 
chloride (Sigma), Z,Z-bis(trifluoroacetoxy)iodobenzene and 
glutamine (Fluka) were used as supplied. H.p.1.c. grade water 
was obtained from BDH. H.p.1.c. grade propan-2-01 from 
Fisons was distilled in all-glass apparatus before use. Unless 
otherwise stated, all solvents and chemicals used were AnalaR 
grade. 

Amino acid analyses were carried out on a Beckman amino 
acid analyser model 119CL, and h.p.1.c. analyses on a Du Pont 
850 Liquid Chromatographic System with a p-Bondapak CI8 
(0.7 x 30 cm; Waters Associates) reverse phase column. 
G.1.c. was carried out on a Perkin Elmer F-17, adapted to take 
capillary columns. The carrier gas was hydrogen with a head 
pressure of ca. 160 kN/m2. Make-up gas was nitrogen at a 
pressure of ca. 12 kN/m', and a flame ionisation detector was 
used. The column temperature was programmed as for the 
determination of configuration of Asp 5, and the injector 
temperature was 250 "C. 

Hofmann rearrangement with 1,I-bis( trifluoroacetoxy)iodo- 
benzene. Lophyrotomin (100 nmol) was dissolved in 50% 
aqueous acetonitrile (40 pl) and an equimolar amount (> 100 
nmol, 0.044 mg) of TIB dissolved in ca. 10 p1 of the same sol- 
vent was added. The mixture was stirred at room temperature 
for 3 h and O.OIM-HCI (ca. 150 pl) was then added. The 
solution was extracted once with diethyl ether and the aqueous 
phase then freeze-dried overnight. 

Total acid hydrolysis. Samples (ca. 100 nmol) were sealed in 
Pyrex test tubes with ~M-HCI  (ca. 0.5 cm3, amino acid analysis 
grade), and heated at 110 "C for 14 h. The solvent was re- 
moved by rotary evaporation. 

Treatment with naphthalene- 1 -sulphonyl chloride. Starting 
material (100 nmol) was dissolved in O.~M-N~HCO, solution 
(100 pl) and a freshly prepared aqueous acetone solution 
(0.25% w/v) of naphthalene-1-sulphonyl chloride (200 pl) was 
added. The mixture was incubated at 45 "C for 30 min and 
the solvent was then removed under reduced pressure. 

H.p.1.c. of 1-naphthylsulphonylated amino acids. The reverse 
phase column was kept at 45 "C (flow rate 2.00 cm3/min) and 
the U.V. absorption at 340 nm was monitored. The aqueous 
solvent used was 5% v/v aqueous acetic acid, and propan-2-01 
was used as organic modifier. The programmed composition 
of organic modifier was as follows: isocratic at 5% v/v for 10 
min, followed by a linear gradient from 5 to 25% v/v in 20 min, 
then constant solvent composition at 25% v/v for 5 min, and 
then another linear gradient from 25 to 100% v/v in 5 min. 

G.1.c. analysis. Using the conditions outlined in this section, 
and the derivatisation conditions for the preparation of N- 
trifluoroacetyl isopropyl esters given previously, the amino 
acids from the Hofmann degradation product were shown to 
include D- and L-G~u (93 : 7) and D- and L-DAB (ca.  5 : 95).  

These assignments were based upon co-chromatography with 
authentic samples and, in addition, upon gc-ms analysis. This 
latter analysis was performed on a Finnigan 4000 GC-MS 
with 61 10 data system. Detection was by electron impact and, 
in a separate run, by alternating positive ion and negative ion 
chemical ionisation. Integration of the appropriate peaks gave 
the ratios for D : L Glu and D : L DAB shown in parentheses 
above. Experiments, carried out on a total hydrolysate of the 
toxin, established the absolute configurations D-Ala, D-Phe, 
L-Val, L-Ile, equimolar amounts of L- and D-As~,  and equi- 
molar amounts of L- and D-G~u. This last experiment con- 
firms the earlier assignments of absolute configuration of 
seven amino acids using the prolyl ester method, and estab- 
lishes the D-configuration at Ala'. 
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