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Chemical Synthesis of Np-Oxalyl-L-a$-diaminopropionic 
Acid and Optical Specificity in Its Neurotoxic Action? 

S. L. N. Rao 

ABSTRACT: A practical procedure is described for the bulk 
synthesis of the neurotoxin NP-oxalyl-L-a,@-diaminopro- 
pionic acid (OA2pr3), a potential dicarboxylic amino acid 
antagonist of Lathyrus sativus seeds. L-Aspartic acid was 
reacted with sodium azide in 30% fuming sulfuric acid and 
L-a,@-diaminopropionic acid hydrochloride (A2pr3-HC1) 
was isolated in yields greater than 75%. Potassium methyl 
oxalate was found to react selectively with the @-amino 
group of Azpr3 resulting in near quantitative yields of 

NB-Oxalyl-L-a,@-diaminopropionic acid (OA2pr3) is the 
major neurotoxic amino acid isolated from the seeds of La- 
thyrus satiuus (Rao et al., 1964; Murti et al., 1964) and de- 

+ From the National Institute of Nutrition, Indian Council of Medi- 
cal Research, Jamai Osmania, Hyderabad 500007, India. Receioed 
June 18, 1975. ‘ Abbreviations used are: Azpr’, a,&diaminopropionic acid; OAzpr3. 
N~-oxalyl-L-cr,fl-diaminopropionic acid. 

OAzpr3. D-OA2pr3 has been made for the first time by this 
procedure. Unlike ~ - 0 A z p r ~  the naturally occurring neuro- 
toxin, D-OA2pr3, is not neuroactive even in high doses. The 
microsynthesis of ~ - [ 2 , 3 - ~ H ] A * p r ~  from ~-[2,3-~H]aspart ic  
acid is also described, and the same procedure could also be 
used to prepare the neurotoxin with other labels. The avail- 
ability of the neurotoxin in bulk and in labeled form should 
further experimental approaches to the understanding of its 
mechanism of action. 

tected in several other species of Lathyrus (Bell and Dono- 
van, 1966). Recent studies indicate that OA2pr3 is a poten- 
tial antagonist of the dicarboxylic amino acids (Mehta et 
al., 1972; Magalhaes and Packer, 1972; Laxmanan and 
Padmanaban, 1974). Despite the well documented neuro- 
toxic property of OA2pr3 (Nagarajan et al., 1965; Rao et 
al., 1967; Rao and Sarma, 1967) and its effects on certain 
biological systems (Cheema et al., 1970, 1971; Mehta et al., 
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1972; Magalhaes and Packer, 1972; Balcar and Johnston, 
1972; Laxmanan and Padmanaban, 1974), the mechanism 
of its action in human neurolathyrism is still not clear. The 
neurotoxin used in all the studies so far has only been isolat- 
ed in small amounts from the seeds. The nonavailability of 
the neurotoxin in large quantities has been a serious limita- 
tion in undertaking systematic studies with it. It has also 
not been possible to test several of the hypotheses that have 
been advanced to explain the mechanism of toxicity of 
OA2pr3, since the labeled neurotoxin has not been made 
available. 

The present paper describes for the first time a simple 
and practical procedure for the large-scale synthesis of the 
neurotoxin and also a microsynthesis for the labeled neuro- 
toxin. The synthesis and some properties of the D isomer of 
OA2pr3, the optical antipode of the naturally occurring neu- 
rotoxin, are also reported. 

Materials and Methods 
L- and D-Aspartic acid were obtained from Sigma Chem- 

ical Co. ~-[2,3-~H]Aspart ic  acid was obtained from New 
England Nuclear. Potassium methyl oxalate (mp 194- 
196O) was prepared from dimethyl oxalate and potassium 
acetate according to the procedure of Efimovsky (1959). 

One-dimensional ascending paper chromatography on 
Whatman No. 1 paper was carried out in the following sol- 
vent systems (v/v): (a) 1-butanol-acetic acid-water, 4: 1: 1; 
(b) 1-butanol-1-propanol-0.1 N HCl, 1:l:l; (c) 2-propa- 
nol-water-ammonia (0.88 specific gravity), 80:20:2. Paper 
electrophoresis on Whatman No. 1 paper strips was carried 
out with a horizontal open strip paper electrophoretic appa- 
ratus at 400 V for 2 hr at room temperature. The following 
buffer systems were employed (v/v): (1) pH 3.6, pyridine- 
acetic acid-water, 10:100:1900; (2) pH 4.5, pyridine-acetic 
acid-water, 100:10:1900; (3) pH 2.2, 10% acetic acid. 
Amino acids were revealed by spraying ninhydrin in ace- 
tone. 

Radioactivity on paper was determined by counting the 
strips in a toluene medium consisting of 0.5% 2,s-diphe- 
nyloxazole and 0.03% 1,4-bis[2-(5-phenyloxazolyl)] benzene 
in a Nuclear Chicago (Model 221 1) scintillation counter. 
Optical rotations were determined in Schmidt Haensch 
(Model 13427) polarimeter using a 2-dm tube. Solid state 
(KBr disc) infrared spectra were recorded in a Perkin- 
Elmer (Model 221) infrared spectrophotometer. 

Synthesis of L-a,&Diaminopropionic Acid. The reaction 
conditions were adopted from the procedure of Kitagawa et 
al. (1969) by using smaller amounts of fuming sulfuric acid 
and sodium azide to suit a nearly 20-fold scale up of A2pr3 
synthesis. The isolation procedure for A2pr3 from the reac- 
tion mixture has been simplified considerably. 

L-Aspartic acid (100 g, 0.75 mol) was dissolved in 350 ml 
of 30% fuming sulfuric acid with cooling followed by the 
addition of 400 ml of dry chloroform. The mixture (50- 
55') was treated with powdered sodium azide (100 g, 1.53 
mol) in small amounts under reflux with efficient stirring, 
during 5 hr. The entire operation was carried out under an- 
hydrous conditions. The mixture was stirred for a further 2 
hr and after cooling in a ice bath the chloroform layer was 
poured off. The thick paste like residue was poured onto 
3-4 kg of crushed ice and made up to about 10 1. The solu- 
tion was passed through a Dowex 50-X8 column (H+ form, 
100-200 mesh, 7.5 X 26 cm) and washed with 1 1. of 0.5 N 
HCl followed by water to neutrality. The absorbed A2pr3 
was eluted with 10% ethanolic ammonia (4 N). The pooled 

ninhydrin positive fractions (800 ml) was decolorized with 
carbon and concentrated to about 300 ml. The fraction was 
treated with 6 N HC1 to pH 2.2-2.4 when most of the A2pr3. 
HCl crystallized out. After the addition of methanol (500 
ml), A2pr3.HCl was filtered and washed successively with 
80% methanol, methanol, and acetone and dried, yield, 
85-92 g. The compound recrystallized from methanol- 
water had a mp 236-237' and a27D +25.2' (c  2, 0.5 N 
HCl) and was chromatographically and electrophoretically 
homogeneous. 

The same reaction was carried out on D-aspartic acid 
when D-A2pr3.HC1 was obtained. a27D -25' (c 2, 0.5 N 
HCl) . 

Preparation of ~ - 0 A 2 p r ~ .  A solution of ~ -A2pr~-HC1 (60 
g, 0.42 mol) and lithium hydroxide (24 g, 0.6 mol) in 300 
ml of 50% methanol was added slowly with stirring to 108 g 
of potassium methyl oxalate (0.76 mol) in 350 ml of 50% 
methanol. The solution was filtered and after 18 hr the 
crystalline mass that had separated was filtered and washed 
successively with 50% methanol (200 ml), methanol, and 
acetone; yield, 80 g of an undefined salt of OA2pr3. The 
crystals were dissolved in 250 ml of water and the pH was 
adjusted to 2.1-2.2 with ice-cold 2 N HCl when OA2pr3 
separated out as an amorphous white powder. After cooling 
for a few hours OA2pr3 was filtered, washed by suspending 
in ice-cold water and then with methanol and acetone, and 
dried: yield, 50-60 g of chromatographically and electro- 
phoretically pure OA2pr3; mp 206'; a27D -28.7' (c 2, 0.5 
N HCl). Anal. Calcd for C5H805N2: C, 34.09; H, 4.57; N, 
15.9. Found: C, 34.22; H,  4.46; N,  15.68. 

Preparation of D-oA2pr3. The above procedure was re- 
peated with ~-A2pr~.HC1 when mOA2pr3 was obtained. D- 
OA2pr3 was indistinguishable from ~ - 0 A 2 p r ~  by paper 
chromatography and electrophoresis: mp 206'; +28' 
(c 2, 0.5 N HCl). The solid state infrared spectra of D- and 
~ - 0 A 2 p r ~  were indistinguishable. 

Synthesis of L- [2,3-3H]OA2pr3. With slight modifica- 
tions the procedure described above for the bulk synthesis 
of A2pr3 and OA2pr3 was also used to synthesize millimolar 
quantities and less of labeled OA2pr3. 

A mixture of ~-[2,3-~H]aspart ic  acid (2 mCi/250 mg), 1 
ml of 30% fuming sulfuric acid, and 2 ml of dry chloroform 
was treated during 90 min with 300 mg of sodium azide 
with stirring at 50-55O. After stirring for 2 hr the mixture 
was diluted to 60 ml and the aqueous phase was passed 
through a Dowex 50-X8 column (H+ form, 11 X 1.5 cm). 
Traces of unreacted aspartic acid was eluted with 100 ml of 
0.5 N HCl and the absorbed A2pr3 was eluted with aqueous 
ammonia. The A2pr3 fraction was taken to dryness and dis- 
solved in 2.5 ml of 50% methanol containing 30 mg of lithi- 
um hydroxide. This solution was added, while stirring, to 
600 mg of potassium methyl oxalate in 2 ml of 50% metha- 
nol. After 18 hr the solution was applied on to a Dowex 
50-X8 column (H+ form, 2.2 X 0.8 cm) and elution was 
carried out with water. The first 100 ml of the eluate was 
rejected and the next 240 ml of the eluate having most of 
the radioactivity was lyophilized. The residue was collected 
in ethanol and recovered by centrifugation, yield 198 mg 
(72% radioactive recovery). The compound had a specific 
activity of 1283 pCi/mmol and was homogeneous by paper 
chromatography and paper electrophoresis and all radioac- 
tivity was associated with OA2pr3. 

Results 
Synthetic ~ - 0 A 2 p r ~  was identical with the neurotoxin 
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isolated from the seeds in all respects studied. When admin- 
istered intraperitoneally to day-old chicks, the synthetic 
compound produced typical neurological symptoms at  a 
dosage of 0.22 mg/g which is similar to that reported for 
the natural toxin (Rao et al., 1964; Roy and Narasinga 
Rao, 1968). 

Unlike OA2pr3 isolated from the seeds, synthetic OA2pr3 
was free from traces of N"-oxalyl-CY,@-diaminopropionic 
acid when examined by paper electrophoresis at  pH 2.2 
(Malathi et al., 1967). Yields of OA2pr3 were similar when 
the synthesis was carried out on much smaller amounts of 
A2pr3 (5-10 g). However, in this case OA2pr3 was isolated 
by chromatography on Dowex 50 and precipitating it with 
acetone from the lyophilized water eluate. 

D-OA2pr3 was tested for toxicity in day-old chicks as 
they have been found susceptible to ~ - 0 A z p r ~ .  D-OA2pr3 
failed to produce any neurological or visible toxic symp- 
toms, when administered intraperitoneally even at  a high 
dose of 11  mg/g. 

Discussion 
A preparative procedure for OA2pr3 had not been at- 

tempted earlier due to lack of a simple procedure for the 
synthesis of optically pure A2pr3, although, enzymatic pro- 
cedures for resolution of racemic A2pr3 are known (Green- 
stein and Winitz, 1961). Adamson's method (1939) of syn- 
thesis of diaminomonocarboxylic acids from monoaminodi- 
carboxylic acids has been carried out only with glutamic 
acid and its higher homologs. However, Kitagawa et al. 
(1 969) later achieved a novel synthesis of A2pr3 by carrying 
out the reaction on small amounts of aspartic acid in 30% 
fuming sulfuric acid instead of the conventional concentrat- 
ed sulfuric acid. The method described now is adopted from 
this procedure, enabling a 20-fold scale up synthesis of opti- 
cally pure A2pr3, with considerable simplification of its iso- 
lation from the reaction mixture. Other procedures for syn- 
thesis of optically pure A2pr3 have employed Hoffmann's 
degradation of either carbobenzoxy- (Benoiton, 1968) or 
acetyl- (Karrer and Schlosser, 1923; Rajagopal Rao et al., 
1974) asparagine. However, these letter procedures are te- 
dious and chromatographic fractionation procedures have 
to be employed to isolate A2pr3 as other side products are 
encountered. In the present procedure, since A2pr3 was the 
only basic amino acid product it could be isolated by a sim- 
ple desalting step on a Dowex 50 column. 

The only procedure described in the literature for the 
synthesis of ~ - 0 A 2 p r ~  (Rao et al., 1964; Mehta et al., 1972) 
is of theoretical interest and it involved treatment of the 
copper complex of A2pr3 with ethyl oxalyl chloride under 
controlled pH conditions. The yields by this procedure were 
extremely low (10%) and had no preparative value. In the 
present method, potassium methyl oxalate was found to 
react selectively with the p-amino group of A2pr3 under 
slightly alkaline conditions to yield OA2pr3, almost quanti- 
tatively. The di-N-oxalyl derivative of OA2pr3 was not 
formed in detectable amounts even with a large excess of 
the ester. In other studies this reagent was also found to 
give good yields of N*-oxalyl-L-ornithine, Nr-oxalyl-L-a,y- 
diaminobutyric acid (L .  latifolius neurotoxin), and W-oxa- 
lyl-L-lysine (S. L. N. Rao, unpublished results). 

The isolation of the neurotoxin in large amounts from 
seeds of L. sativus poses problems, since, unless precautions 
are taken, under the usual handling procedures as much as 
50% of the isolated toxin could be present as the CY isomer 
(Bell and Donovan, 1966). Generally, the samples isolated 

in small amounts from the seeds contain 7-10% of the (IL iso- 
mer (Roy and Narasinga Rao, 1968). The migration of the 
oxalyl group from the @-amino group to the a-amino group 
appears to be favored by heat (Bell and Donovan, 1966) 
and, once formed, there is as yet no method of separating 
the two isomers of OA2pr3. Also, the results of studies using 
such a sample will be questionable as nothing is known of 
the toxicity of the CY isomer. The present procedure of direct 
precipitation of OA2pr3 from a solution of its isolated salt in 
the pH range 2.1-2.2 resulted in a sample free from the a 
isomer. Pure OA2pr3 has a mp 206' dec and traces of CY iso- 
mer if present depress the melting point to 196-197' and a 
sample with a melting point of 1655175' contains apprecia- 
ble amounts of the CY isomer. Although the optical purity of 
L- and D-OA2pr3 was established on the basis of their al- 
most equal but opposite signs of rotation, attempts were 
also made to determine it enzymatically. However, it was 
seen that ~ - 0 A z p r ~  is not appreciably oxidized at  pH 7.2 by 
snake venom (Crotalus atrox and Vipera russeli) L-amino 
acid oxidase. 

The present study also shows that the toxicity of synthet- 
ic ~ - 0 A l p r ~  is similar to that of the natural neurotoxin. 
Since D-OA2pr3 is not neurotoxic, it implies that whatever 
the mechanism of toxicity of the L isomer is, it is the result 
of a stereospecific interaction. In this context it is inter- 
esting to note that OA2pr3 appears to be a structural antag- 
onist of aspartic acid and/or glutamic acid in several sys- 
tems (Mehta et al., 1972; Magalhaes and Packer, 1972; 
Laxmanan and Padmanaban, 1974). Synthetic L- and D- 
OA2pr3 should thus prove useful as potential antagonists of 
the dicarboxylic amino acids. 

Since OA2pr3 can be made in large quantities it should 
be possible to undertake feeding studies in animals to estab- 
lish its role in neurolathyrism. Several studies which were 
hitherto not possible can now be carried out with labeled 
OA2pr3 having high specific activity. [I4C]OA2pr3 with low 
specific activity has earlier been made by enzymatically ox- 
alylating A2pr3 with labeled oxalic acid (Cheema et al., 
1971). It should also be possible to label the oxalyl moiety 
of OA2pr3 using potassium ['4C]methyl oxalate. It is hoped 
that the synthetic procedures described will hasten toxico- 
logical and metabolic studies with this neurotoxin and help 
to establish its role in the crippling disease. 
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Structural and Thermodynamic Basis of Affinity in 
Anti-Dinitrophenyl Antibody? 

John F. Halsey,* John J. Cebra, and R. L. Biltonen 

ABSTRACT: The thermodynamic quantities of the anti-dini- 
trophenyl antibody-hapten interaction are reported for rab- 
bit, goat, and guinea pig antibodies. Rabbit and goat anti- 
bodies had similar exothermic enthalpy changes for their 
reaction with 2,4-dinitrophenyl-~-lysine (-1 3.9 and - 14.8 
kcal/mol, respectively). The enthalpy change with guinea 
pig antibody was much less exothermic (-8.7 kcal/mol), 
and this value was the same for two guinea pig antibody 
preparations that differed in affinity by almost two orders 
of magnitude. A heterogeneous goat anti-dinitrophenyl 
antibody preparation was fractionafed on a molecular sieve 
column in the presence of a bivalent ligand, a procedure 

T h e  physical-chemical principles governing antibody- 
antigen interaction will be revealed only when the contin- 
ually emerging antibody structure information can be quan- 
titatively correlated with sound thermodynamic data for in- 
teraction with various ligands. Such correlation will provide 
a “thermodynamic mapping” of the antigen binding site in 
terms of the energetics of specific ligand-antigen binding 
site interactions. In addition such studies will lead to an un- 
derstanding of the thermodynamic basis of variation in af- 
finity within a heterogeneous antibody population. Essential 
to any such efforts, however, is the acquisition of reliable 
and meaningful thermodynamic quantities. 

Since most antibody preparations constitute a heteroge- 

t From the Departments of Biochemistry and Pharmacology, Uni- 
versity of Virginia School of Medicine, Charlottesville, Virginia 22903, 
(J.F.H. and R.L.B.), and Department of Biology, Johns Hopkins Uni- 
versity, Baltimore, Maryland (J.J.C.). Received-July 15, 1975. This 
work was supported by National Science Foundation Grants GB- 
40619 and BMS-75-23245. 

* Address correspondence to this author at the Department of Phar- 
macology, Medical University of South Carolina, Charleston, South 
Carolina 29401. 

that has been reported to separate antibodies according to 
differences in the depth of interaction with the ligand. The 
relationship of these differences in apparent site depth to 
changes in interactions with the hapten tail was examined 
by comparing the affinities of various fractions for two hap- 
tens. The results show that the presumed deeper sites have 
stronger interactions with the hapten tail. These studies 
suggest that the heterogeneity of anti-dinitrophenyl anti- 
bodies with respect to affinity results from differences in 
entropy driven lysyl side-chain interactions which arise 
from a heterogeneity in antigen binding site depth. 

neous population of molecules, derived thermodynamic 
quantities generally represent a complex average value and 
their relationship to a true thermodynamic value is ambigu- 
ous. This is particularly true for enthalpy changes estimated 
by a van’t Hoff analysis based on average association con- 
stants. Barisas et al. (1972) have shown, for example, that 
the van’t Hoff AH for the binding of Dnpl- and Tnp-lysine 
to their respective antibodies underestimated the true en- 
thalpy change, determined calorimetrically, by as much as 
10 kcal/mol. I t ,  is therefore apparent that meaningful en- 
thalpy changes for hapten-antibody reactions can best be 
obtained by direct calorimetric measurements. 

In this communication the results of thermodynamic 
studies on the binding of Dnp-lysine and dinitroaniline to 
anti-Dnp antibodies from rabbit, goat, and guinea pig are 
reported. These results support previous conclusions that 

I Abbreviations used are: Dnp, dinitrophenyl; Dnp-lysine, N-2.4-di- 
nitrophenyl-L-lysine; Tnp, trinitrophenyl; Dnp-D-GL, copolymer of D- 
glutamic acid and D-lysine with dinitrophenyl groups on s-amino; bis- 
Dnp-lysine, N.N’-didinitrophenyl-L-lysine. 
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