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The stereochemistry of the replacement of the SH-group of cysteine by CN catalyzed by 
/3-cyanoalanine synthetase was studied using cysteine stereospecifically tritiated at C-3. 
Analysis of the resulting /I-cyanoalanine by conversion into fumarate via aspartate and 
malate showed that the reaction had occurred with retention of configuration at C-3. Using 
cystine stereospecitlcally labeled at C-3 with tritium or with tritium and deuterium, it was 
found that the cu&elimination reaction catalyzed by S-alkylcysteine lyase involves stereo- 
specific replacement of the /I-substituent of the substrate by a hydrogen derived from the 
solvent, D20 or HzO, with retention of configuration to give pyruvate containing a chiral 
methyl group. The results are discussed, particularly in the light of mechanistic proposals 
by Braunstein and co-workers. 

During the past few years, the stereo- 
chemical course of a number of P-replace- 
ment and a&elimination reactions of 
amino acids catalyzed by pyridoxal phos- 
phate-containing enzymes has been eluci- 
dated (l-9). All the enzymes studied were 
of microbial origin and the reactions were 
invariably found to proceed with retention 
of the steric relationships of the ligands at 
the P-carbon atom, fitting into the concept 
developed by Dunathan (10, 11) that pyri- 
doxal phosphate-catalyzed reactions all 
take place on only one side of a planar 
coenzyme-substrate complex. We wished to 
determine whether the same stereochem- 
istry is seen with pyridoxal phosphate en- 
zymes from higher plants and chose to ex- 
amine two enzymes which catalyze rather 
unique reactions in plant metabolism. 
These are /3-cyanoalanine synthetase (EC 
4.4.1.9) (12-14) which catalyzes reaction (a): 
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HS-CH-CH-COOH + HCN l 

NH, (a) 
NC-CHrCH-COOH + HS 

I 
NH2 

and S-alkyl-L-cysteine lyase (EC 4.4.1.6) 
(15) which catalyzes reaction (b): 

R-S-CHZ-CH-COOH + Hz0 . 

NH? 
(b) 

RSH + CHa-C-COOH + NH3 

II 
0 

where R can be an alkyl or the cysteinyl 
(-S-CH2-CH(NH2)COOH) residue. 

EXPERIMENTAL PROCEDURES 

Materials. The chemicals used were of reagent 
grade or highest purity available commercially. (3R)- 
and (3S)-[3-‘Hlcysteine and (3S)-[3-“‘C,3-“H,3-“H]cys- 
teine were prepared from (3R)- and (3S)-[3-3H]serine 
and (3S)-[3-‘4C,3-ZH,3-3H]serine, respectively, as de- 
scribed previously (51, and were stored in the form of 
the corresponding cystines. Ion exchange resins were 
purchased from Bio-Rad. Lactate dehydrogenase (pig 
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heart) was obtained from Sigma. L-Asparaginase 
(Escherichia coli), glutamate-oxalacetate transami- 
nase (pig heart), and malate dehydrogenase (pig heart) 
were purchased from Boehringer Mannheim. p-Cy- 
anoalanine synthetase was purified through the alu- 
mina Cy step of Akopyan et al. (13) and had a specific 
activity of 3.9 IU/mg protein. S- Alkyl-L-cysteine lyase, 
purified from Acacia farnesiana seedlings as de- 
scribed by Mazelis and Creveling (15), had a specific 
activity of 28 IU/mg protein. 

Radioactivity determinations. Radioactivity on 
chromatograms was located using a Packard model 
7201 radiochromatograrn scanner. The radioactivity of 
compounds in solution was determined in a Beckman 
LS 100 or LS 250 liquid scintillation counter using 2,5- 
diphenyloxazole (PPO) and 1,4-bis[2-(methyl-5-phen- 
yloxazolyl)]benzene (dimethyl POPOP) in toluene or 
toluene/ethanol as scintillator solution. Counting ef- 
ficiencies and the spillover of 14C into the tritium 
channel were determined by internal standardization 
with [“Cltoluene and C3H]toluene. 

S-Alkyl-L-cysteine lyase reaction. The reaction 
mixture cOnthe& 0.0&!i M L-cystine, 0.2 ml (0.5 aCi 
‘H); 0.05 M tricine buffer, pH 7.8, 0.35 ml, 0.5 mM 

pyridoxal phosphate, 0.05 ml; 0.01 M NADH in 0.01 M 

tricine buffer, pH 7.8, 0.4 ml, lactate dehydrogenase, 
10 IU; and S-alkyl-L-cysteine lyase, 10 IU. The incu- 
bation was carried out at 37” for 30 min and the 
reaction was observed spectrophotometrically by fol- 
lowing the decrease in the absorption at 340 nm. In 
the case of the cystine samples containing only tritium, 
the reaction mixture before addition of the enzymes 
was lyophilized, twice taken up in 1 ml DzO, and 
evaporated and then dissolved in 1 ml D20. After 
incubation, the reaction was stopped by boiling for 2 
min and the proteins were removed by dialysis. The 
lactate was isolated by ether extraction of the acidified 
reaction mixture and was oxidized to acetate by heat- 
ing with 12 ml of oxidation mixture (153 mg K#rsO,; 
24 ml concentrated HzSO,; made up to 100 ml with 
water) on a steam bath for 20 min under argon atmo- 
sphere (16). The acetate was isolated by steam distil- 
lation, mixed with [‘%]acetate and analyzed for chir- 
ality according to the procedure of Cornforth et al. 
(17) and Liithy et al. (18). 

/I-Cyanoalanine synthetase reaction. A 0.5 $i 
sample of the stereospecifically labeled cystine (10 pCi 
3H/pmol) was converted into cysteine by incubation 
at room temperature with 1~1 mercaptoethanol in 0.2 
ml Hz0 (flushed with nitrogen) overnight. The solu- 
tion was then added to 1 pmol L-cysteine and evapo- 
rated to dryness, followed by addition of 1 ml isopro- 
pan01 and evaporation to dryness again. This cysteine 
sample was then mixed with 0.01 M NaCN, 0.1 ml, 0.2 
M Tris buffer, pH 8.5, 0.15 ml; and 0.05 ml /3-cyanoal- 
anine synthetase (100 III/ml). Incubation was carried 
out at room temperature for 1 h. The incubation 
mixture was then evaporated to dryness, followed by 
addition of isopropanol and evaporation to dryness 

again. The proteins were then removed by dialysis and 
the crude mixture was passed through a cation ex- 
change column (Dowex 5OW, acid form). The material 
eluted with 1 N NHaOH was collected and evaporated 
to dryness. The sample from a parallel incubation with 
L-[U-‘%I-cystine was spotted on a silica gel plate 
(Baker) and chromatographed in CHClJEtOH/ 
HOAc/H20 50:32:10:8. A ninhydrin-positive spot, co- 
inciding with authentic /3-cyanoalanine (RF 0.23), was 
observed which corresponded to 40% of the added 
radioactivity. 

Degradation of /?-cyanoalanine. The samples ob- 
tained from the above incubation were diluted with 2 
pmol cold /3-cyanoalanine and mixed with 0.5 ml of 0.5 
M potassium phosphate buffer (pH 7.8) containing: o- 
ketoglutarate, 7 amok NADH, 5 amol; asparaginase, 4 
III; glutamate-oxalacetate transaminase, 4 IU; and 
malate dehydrogenase, 60 IU. The incubations were 
carried out at 25°C for 80 min and the reactions 
stopped by boiling for 2 min. The reaction was followed 
by observing the decrease in the absorption at 340 nm. 
Proteins were removed by dialysis, and the malate was 
isolated by passing the reaction mixture through a 

cation exchange column (Dowex 5OW, 200-400 mesh, 
acid form) and collecting the water effluent. [U-‘“Cl- 
Malate was then added as reference and the malate 
was further purified on an anion exchange column 
(Dowex AG 1X8,200-400 mesh, formate form). After 
thorough washing with water, the column was eluted 
with a formic acid gradient (300 ml 1 N formic acid 
and 300 ml HzO) and the fractions corresponding to 
malate were collected. After evaporation to dryness, 
the malate samples were divided into four fractions, 
and one of them was counted for its ‘H/l% ratio. The 
second fraction was incubated with 10 IU of fumarase 
in 2.0 ml of 0.04 M sodium phosphate buffer, pH 7.4, 
for 2 h at room temperature. The progress of the 
fumarase reaction was followed by observing the in- 
crease in the absorption at 240 nm; it was complete in 
the first few minutes of incubation. After lyophiliza- 
tion, the resulting fumarate was counted to determine 
its 3H/‘4C ratio. The third fraction was incubated with 
120 IU of malate dehydrogenase in 0.5 ml glycine 
buffer (1 M, pH 9.5) containing 2 gmol 3-acetylpyri- 
dine-adenine dinucleotide (APAD) at room tempera- 
ture for 3 h and the reaction was followed spectro- 
scopically by the increase in the absorption at 365 nm 
(19). After lyophilization to remove the distillable 
tritium, the residual oxalacetate was counted to deter- 
mine its ‘H/‘“C ratio. The fourth fraction was used for 
a control incubation under the same conditions which 
were used to convert fi-cyanoalanine into malate, ex- 
cept that both NAD+ and NADH were added. Two 
percent tritium activity was distilled out after such a 
control incubation with the malate from (3S)-[3-3H]- 
cysteine. Tbis loss could be caused either by the trace 
amount of fumarase present in the malate dehydro- 
genase, or by the tritium exchange of oxalacetate 
which might be present in trace amounts in equilib- 
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rium with malate. If the latter explanation were true, 
it would be expected to destroy the chirality of malate 
to a significant extent. When the malate sample after 
the control incubation was converted to fumarate, the 
‘H/‘“C ratio of fumarate was approximately the same 
as that obtained from malate directly. 

RESULTS 

The steric course of both enzyme reac- 
tions could be studied using samples of 
cysteine labeled stereospecifically at C-3, 
which were prepared by a route developed 
during our previous work on 0-acetylserine 
sulfhydrase (5). Three labeled species of 
cysteine were prepared, two carrying trit- 
ium in the pro-3R and pro-3S hydrogen, 
respectively, and the third labeled with 
deuterium in the pro-3R and with tritium 
in the pro-3S position. In the latter, every 
tritiated molecule also contained deute- 
rium. For ease of isolation, handling and 
storage, these cysteine samples were air- 
oxidized to the corresponding cystines. 
These served directly as substrates for S- 
alkylcysteine lyase. 

For the conversion into /?-cyanoalanine, 
the cystine samples were reduced to cys- 
teine by incubation with mercaptoethanol 
followed by removal of the reducing agent 
and incubation with P-cyanoalanine syn- 
thetase and cyanide. A control incubation 
with 14C-cystine indicated only 40% conver- 
sion into /3-cyanoalanine, the rest of the 
radioactivity being distributed between un- 
reacted starting material and a new com- 
pound, presumably a product of the utili- 
zation of residual mercaptoethanol in place 
of cyanide. Without purification, the p-cy- 
anoalanine formed was converted into L- 

malate by the reaction sequence outlined in 
Fig. 1. The malate was purified by ion-ex- 
change chromatography and the tritium 
distribution between the two heterotopic 
hydrogens at C-3 was determined using a 
procedure applied by Rose (20). Tritium 
from the pro-3R position was released into 
water by incubation with fumarase, 
whereas the total amount of tritium present 
at C-3 of malate was determined by enzy- 
matic oxidation to oxalacetate and ex- 
change of the latter with water. 

Table I summarizes the results of the 
degradation of the three malate samples 
derived from the cyanoalanines obtained 
by using the three cysteine species as sub- 
strates in the fi-cyanoalanine synthetase 
reaction. Clearly, the two malate samples 
derived from cysteine of 3S configuration 
also contained most of the tritium in the 
pro-3s position, whereas the sample from 
(3R)-cysteine was labeled predominantly in 
the pro-3R position. Therefore, cysteine is 
converted into /?-cyanoalanine with net re- 
tention of configuration at carbon atom 3. 
At least one of the three L-malate samples, 
the one derived from 3R cysteine, shows a 
rather low degree of apparent chiral purity, 
and the 3s tritiated sample, too shows some 
scrambling of the tritium into the pro-3R 
position. This could (a) reflect a less than 
complete chiral purity of the starting cys- 
teine samples, (b) could be due to some 
nonenzymatic enolization at the stage of 
oxalacetate, a transient intermediate in the 
conversion of cyanoalanine to malate, or it 
may (c) indicate a small and varying degree 
of racemization occurring in the ,&cyanoal- 
anine synthetase reaction itself. We con- 

FIG. 1. Determination of the steric course of the P-cyanoalanine synthetase reaction. 
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TABLE I 

CONFIGURATIONALANALYSISOFMALATESAMPLESDERIVEDFROMP-CYANOALANINESYNTHESIZED 
ENZYMATICALLYFROMSTEREOSPECIFICALLYLABELEDCYSTEINE 

(3S)-[3-3H]- 
cvsteine 

(3R)-[3-3H]- (3Sj-[3-‘4C,3-2H, 
cvsteine 3- Hlcvsteine 

Malate (3H/‘4C) 1.31” 7.85” 5.19 
Fumarate (3H/‘4C) 1.10 3.25 4.84 
% 3H Retention in fumarase reaction 84.0 41.4 93.2 
% 3Ha in malate 16.0 58.6 6.8 
OxaIacetate + APADH (3H/‘4C) 0.15 0.69 0.50 
% 3H Retention in MDH reaction 11.5 8.8 9.6 
% (3H~t + 3Hs) in malate 88.5 91.2 90.4 
‘HR/~HH + 3Hs in malate (W) 18.1 64.3 7.5 

n [U-W]malate was added as reference. 

sider (a), possibly with a small contribution 
from (b), to be the most likely explanation. 
Firstly, cysteine samples prepared by the 
same route have also shown varying de- 
grees of apparent chiral purity when ana- 
lyzed by a different procedure (5), and sec- 
ondly, as discussed below, the products 
from the S-alkycysteine lyase reaction show 
different degrees of chiral purity paralleling 
those seen in the P-cyanoalanine synthe- 
tase reaction with the same substrate sam- 
ples. A control experiment with malate 
from (3S)-[3-3H]cysteine indicated up to 2% 
tritium exchange. However, this 3H ex- 
change was found not to cause appreciable 
change in the 3H/‘4C ratio of fumarate 
when the malate after control incubation 
was converted to fumarate. If it were due 
to enolization of oxalacetate, it would be 
expected to cause up to 10% racemization 
based on the theory derived by Sedgwick 
and Cornforth (21). Thus, enolization at the 
oxalacetate stage during the conversion of 
,&cyanolanine to malate may contribute 
slightly to the scrambling of tritium be- 
tween the pro-3R and pro-3S positions, but 
it cannot account for all of it in at least two 
of the experiments. 

To determine the steric course of the 
protonation at C-3 in the S-alkylaysteine 
lyase reaction, the two tritiated cystine 
samples were incubated with the enzyme in 
DZO. The product pyruvate was reduced to 
lactate in situ with lactate dehydrogenase 
and excess NADH. A third experiment was 
carried out with stereospecifically tritiated 
and deuterated cystine in Hz0 to provide 
for the eventuality that the third hydrogen 

making up the pyruvate methyl groups is 
not derived from the medium but comes 
from within the coenzyme-substrate com- 
plex. The lactate samples from all three 
experiments were purified, oxidized to ace- 
tate, and then analyzed for the chirality of 
the labeled methyl group by established 
procedures (7,17,18). The chirality analysis 
of acetate involves conversion into acetyl- 
coenzyme A and condensation with glyox- 
ylate, catalyzed by malate synthetase, to 
give malate which is then incubated with 
fumarase. Due to the deuterium isotope 
effect in the malate synthetase reaction, 
samples of &rally labeled acetate will give 
rise to an uneven tritium distribution be- 
tween the two hydrogens at C-3 (17, 18). 
Optically pure R-[2-2H,-2-3H]acetate is ex- 
pected to give malate showing 79.7% tritium 
retention in the fumarase reaction, the mal- 
ate from pure S isomer should show 20.3% 
tritium retention upon incubation with fu- 
marase (22). 

The results are summarized in Table II. 
For each experiment, two independent 
complete analyses were carried out. In each 
experiment, the methyl group formed was 
chiral, albeit of low chiral purity. Inasmuch 
as R-[3-3H]cystine in DzO has yielded chir- 
ally labeled pyruvate of R configuration, it 
follows that the third hydrogen has been 
added stereospecifically at C-3 on the same 
side at which the ,&substituent has been 
removed, i.e., the reaction proceeds with 
net retention of configuration at C-3 (Fig. 
2). The results also indicate that the hydro- 
gen added at C-3 originates from the sol- 
vent, as has been found for tryptopha- 
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TABLE II 

CHIRALITY ANALYSIS OF THE METHYL GROUP OF PYRUVATE (LACTATE) FORMED FROM STEREOSPECIFICALLY 
LABELED CYSTINE WITH S-ALKYLCYSTEINE LYASE 

Substrate 
and 

condition: 
“H/% of 

(3R)-$?&ystine 
2 

(3Sb[~%j;ystine (3S)-[3-“C~~~,~3H]cystine 
2 

Cysteine - - - - 4.67 4.67 
Lactate - - - - 1.99 2.14 
Acetate 0.771” 2.05” 2.55” 0.994” 1.93 - 

Malate 0.643 1.46 2.31 0.863 1.75 1.75 
Fumarate 0.347 0.81 1.02 0.385 0.975 0.977 
% sH Retention in 54.0 55.5 44.1 44.6 55.7 55.8 

fumarase 
reactionb 

% sH loss in 46.6 46.2 57.2 56.0 43.4 42.6 
fumarase 
reaction” 

’ ‘%-Acetate was added as reference. 
* From sH/‘% value. 
’ From tritium activity of the water from the fumarase reaction. 

R = -S-CHZ~“-H-CW” 
% 

FIG. 2. Steric course of the S-alkylcysteine Iyaae 
reaction. 

nase (71, n-serine dehydratase (6, 8) and 
tyrosine phenol-lyase (9), and not from 
within the coenzyme-substrate complex, as 
has been demonstrated in the case of tryp- 
tophan synthetase /L protein (23). The low 
chiral purity of the methyl group in the 
products may be due to some extent, to 
incomplete chiral purity of the substrate, 
but to a larger extent it must be due to 
racemization accompanying the reaction it- 
self. This has also been observed in the 
tyrosine phenol-lyase reaction (9) and may 
either reflect reversibility of the overall re- 
action or may be due to reversible proton- 
ation/deprotonation of the methyl group 
formed before the release of the pyruvate 
from the enzyme. 

DISCUSSION 

The finding that P-cyanoalanine synthe- 
tase and S-alkylcysteine lyase catalyze the 
reaction at the C-3 of their substrates with 

retention of configuration conforms with 
the stereochemistry deduced for other en- 
zyme reactions of this general type (l-9, 
23). Thus, these two unique plant enzymes 
operate with the same stereochemistry as 
the microbial pyridoxal phosphate-contain- 
ing enzymes catalyzing P-replacement and 
a#-elimination reactions, which have been 
studied so far, and they seem to conform to 
Dunathan’s concept (10, 11) that pyridoxal 
phosphate enzymes operate on only one 
face of a planar coenzyme-substrate com- 
plex. 

As we have discussed previously (5), 
cleavage and formation of a bond at the ,lI 
carbon atom of the amino acid-pyridoxal 
phosphate Schiff’s base in the /3-replace- 
ment reactions can be expected to be sub- 
ject to stereoelectronic control, requiring 
that the bond to be broken or formed must 
be aligned perpendicular to the 7~ plane. 
Because the reaction proceeds with reten- 
tion of configuration at C-3 of the amino 
acid, it follows that the leaving group and 
the incoming substituent must align on the 
same side of the 7r plane and, inasmuch as 
two objects cannot be in the same place at 
the same time, the reaction must either 
proceed by a ping-pong mechanism or must 
involve a conformational change of the en- 
zyme during the catalytic process, which 
reorients the two groups relative to the r 
plane. For 0-acetylserine sulfbydrase, 
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which also catalyzes P-replacement with 
retention of configuration (5), ping-pong 
kinetics have recently been demonstrated 
(24). In the case of /3-cyanoalanine synthe- 
tase, Braunstein and co-workers (13) have 
demonstrated that a-hydrogen exchange in 
unreacted substrate is slow in the absence 
of the second substrate and is significantly 
stimulated by addition of cyanide. Inas- 
much as product formation is accompanied 
by complete exchange of the a-hydrogen, a 
ternary complex is implicated in the reac- 
tion. This argues against a ping-pong mech- 
anism for P-cyanoalanine synthetase and 
points to the alternative, a conformational 
reorientation of the enzyme as part of the 
catalytic process. 

Based on their observation that cw-hydro- 
gen exchange in unreacted substrate in the 
absence of cyanide is slower than the over- 
all reaction rate, a finding also made with 
other /?-replacement-specific enzymes (29, 
and on inhibitor experiments, Braunstein 
and co-workers (13) have suggested that 
these reactions involve a direct displace- 
ment of the /3-substituent by the incoming 
group (25, 26), rather than the widely as- 
sumed elimination-addition mechanism via 
an cu,P-unsaturated Schiff’s base interme- 
diate (27). Such a direct displacement is 
difficult to reconcile with our stereochemi- 
cal data, because it would presumably in- 
volve an SN2-like process, which should re- 
sult in inversion of configuration at C-3. To 
be compatible with the stereochemical re- 
sults, the direct replacement of the P-sub- 
stituent would have to involve a double 
displacement process with participation of 
an anionic group of the enzyme situated on 
the “protein side” of the coenzyme-sub- 
strate Schiff’s base. Although this is cer- 
tainly possible, there does not seem to be 
any evidence for such a process in any 
pyridoxal phosphate-catalyzed P-replace- 
ment reaction. It must be kept in mind, 
however, that the hydrogen exchange data 
of the Russian workers do not rule out 
an a,@msaturated reaction intermediate. 
After all, the reaction is accompanied by 
incorporation of fully one solvent hydrogen 
into the product, and even if it were not, 
this could be due to internal recycling of 
the a-hydrogen, which has been demon- 

strated for some other pyridoxal phosphate 
enzymes (7, 10, 23). Therefore, it is quite 
possible that efficient labilization of the a- 
hydrogen as well as the overall reaction 
require a ternary complex and that binding 
of cyanide brings the enzyme into a confor- 
mation which is catalytically competent for 
cleavage of the C,-H bond. 

Including the present report on S-alkyl- 
cysteine lyase, five enzymes catalyzing 
a&?-elimination have now been investigated 
for the stereochemistry of the replacement 
of the /3-substituent by a hydrogen and, in 
each case, the reaction proceeds in a reten- 
tion mode. Three enzymes, tryptophanase 
(28), tryptophan synthetase /3z protein (23) 
and tyrosine phenol-lyase (H. Kumagai, E. 
Schleicher, H. G. Floss, unpublished re- 
sults) have been examined further to estab- 
lish the conformation of the amino acid C,- 
CD bond in the active site, and for each it 
was shown that the /? substituent and H, 
are syn. Although this has not been shown 
yet, the same conformation is also likely for 
S-alkylcysteine lyase. In a new classifica- 
tion of pyridoxal phosphate enzymes, 
Braunstein (26) a few years ago proposed 
three categories for the enzymes catalyzing 
P-replacement and/or +elimination re- 
actions: A2a. cw,/3-eliminating lyases (con- 
formation of XB trans to H”); A2b. J?-replac- 
ing lyases (conformation of XB cis to H”); 
A2c. mixed function /3-lyases (a$-eliminat- 
ing and P-replacing; free rotation around 
C-C? bond). The stereochemical studies 
carried out since then, however, indicate 
very strongly that probably all these en- 
zymes operate on only one face of the coen- 
zyme-substrate complex and that, there- 
fore, the ,&substituent and H, are syn ori- 
ented in all of them. Thus, whereas Braun- 
stein’s classification may still be valid based 
on other criteria, some of the underlying 
stereochemical and mechanistic assump- 
tions must be abandoned or modified on 
the basis of more recent data. 
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