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Abstract-Crude extracts of spinach catalysed the incorporation of C3H]cysteme Into cystathlonine in the presence of 
0-phosphorylhomoserme (PHS) or 0-succinylhomoserine (SHS). They also supported the incorporation of [U- 
“C]PHS Into cystathIomne in the presence of cysteme. These reactions were completely Inhibited by 0.1 mM 
propargylglycme and 1 mM ammo-oxyacetate and less strongly by vmylglycme, /?-cyanoalanine and isomcotinic acid 
hydrazlde These properties are consistent with the synthesis of cystathlonme by cystathlomne y-synthase (CyS) (EC 
4 2 99 9) activity Spinach extracts also Incorporated C7%e]selenocysteme into selenocystathionine In the presence of 
SHS In a reaction which was sensitive to propargylglycme. In the presence of selenocysteine, spinach extracts 
incorporated [14C]PHS Into a compound with chromatographlc characterlstlcs indIstInguIshable from selenocystath- 
lomne at a rate similar to that for cysteine When cysteme and selenocysteine were supplied together the amount of 
[ “C]PHS mcorporated was slightly less than for either substrate alone. Conversely, selenocysteme strongly inhibited 
the mcorporatlon of [3H]cysteme Into cystathlomne. It was concluded that selenocysteme acts as an alternative 
substrate of CyS to cysteme resulting In the formation of the selemum isologue of cystathlonine In crude spinach 
extracts, CyS exhibits a greater affinity for selenocysteine (K, ca 70 PM) than cysteine (K, cn 240 /*M). 

INTRODUCTION 

The reaction catalysed by cystathlonine y-synthase (CyS) 
Is a component of the transsulphuratlon pathway In 
plants [l). The enzyme catalyses a y-addition of an a- 
ammobutyryl donor to cysteme according to the reac- 
tion. 

Cysteme + X-0-homoserme - cystathionme + XOH. 

Although homoserme itself is Inactive, crude extracts 
from a wide phylogenetic range of plants catalyse the 
synthesis of cystathlomne with 0-malonyl-, 0-oxalyl-, O- 
succmyl- (SHS), 0-phosphoryl- (PHS) and O-acetylhom- 
oserme (AHS) as a-ammobutyryl donors [2] Various 
lines of evidence discussed m ref. [l] strongly suggest, 
however, that In plants PHS IS the physIologIcally impor- 
tant donor for the synthesis of cystathlonine. Some 
properties of CyS have been reported in crude extracts of 
several plant species [2-S] and the enzyme has been 
purified cn 12-fold from leaf @sue of barley seedlings [9]. 
Studies of the subcellular locahzatlon of CyS In pea and 
barley leaf protoplast lysates suggest that it is confined to 
chloroplasts [lo] 

The reaction catalysed by CyS Is of interest with respect 
to selenium metabolism particularly in those plants 
known as selenium accumulators which, under appropn- 
ate conditions, produce large amounts of various selen- 
oammo acids-m particular selenium Isologues of inter- 
mediates (and their derivatives) of the sulphate assimll- 
atlon pathway [ll, 121 In this paper, we report that 
crude cell-free, extracts of spinach (a non-accumulator 
species) catalyse y-addition to both cysteine and seleno- 

cysteine resulting in the synthesis of cystathlonme and 
selenocystathionine respectively. Several features of these 
two reactions are consistent with CyS activity. Further- 
more, it is likely that both substrates compete for the 
same catalytic site on the enzyme. 

RESULTS 

Synthesrs of cystathionine 

When crude spinach extracts were incubated with 
C3H]cysteine and unlabelled PHS a 3H-labelled product 
was formed which could be separated from the substrate 
by treatment with Dowex 50-H+, oxldatlon with perfor- 
mic acid and a second Dowex treatment (method A). The 
Isolated 3H-product was free from other 3H-compounds 
as determined by paper electrophoresis in buffer A and 
was indistinguishable from cystathlonine sulphone syn- 
thesized by performic acid oxidation of authentic cystath- 
Ionine. The 3H-labelled product was not formed in the 
absence of extract or PHS. It was concluded that the 3H- 
labelled material isolated as described for method A 
provides a suitable means for the quantitative estimation 
of cystathiomne synthesis by QS activity. 

Crude extracts in the presence of L-cysteme also sup- 
ported the mcorporatlon of [14C]PHS into a compound 
which was chromatographically indistinguishable from 
authentic cystathionine In solvent A (R, 0.25). The 14C- 
labelled product was well resolved from [‘4C]PHS (R, 
0.57) and homoserine (Rf 0.49). The product was not 
formed in the absence of L-cysteme or enzyme. These 
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characterlstlcs are consistent with the production of 
[‘4CJcystathlonme When material from terminated 
reaction mixtures was subJected to treatment on Dowex 
50-H’ as described for method B assays, analysis by 
paper chromatography m solvent A of the material eluted 
by aq NH, showed that a cysteine-dependent peak of 
14C-label was associated exclusively with cystathlonme 
Accordmgly, 14C-labelled material eluted from Dowex 
was used to quantify method B assays. 

Various properties of cystathlonine synthesis by CyS 
actlvlty were studied Using method B, the rate of cystath- 
lomne synthesis Increased with cysteme concentration up 
to ~‘a 0 5 mM (Fig 1) Higher concentrations were 
mhlbltory, the rate at 2 mM for example was 57% of the 
rate at 0 5 mM The K, for L-cysteme was ca 0 25 mM As 
studled by method A, the rate mcreased with the concen- 
tration of PHS up to ca 5 mM, higher concentrations 
were mhlbltory The K, for PHS was 0.75 mM Method 
B was used to study the speclficlty of the reactlon with 
respect to cysteme, spmach extracts did not support the 
synthesis of cystathlonine when L-cysteme was replaced 
with D-CyStem (0 5 mM), L-cystme (0 3 mM), seleno-DL- 
cystme (0 6 mM), L-cystelc actd, I,-methlomne, S-methyl- 
L-cysteme (each 10 mM) and DL-homocysteme and selen- 
o-DL-methlonme (each 20 mM) DL-Homocysteme (20 
mM) and L-cystme (0 3 mM) mhlblted enzyme actlvlty 
with L-cysteme (0 5 mM) as substrate by 85 and 36% 
respectively but none of the other compounds hsted 
above slgmficantly affected C$ activity as determmed by 
method B The substrate speclficlty of C$!G was examined 
with respect to the r-ammobutyryl donor by method A, 
SHS (5 mM) and AHS (5 mM) supported cystathlomne 
synthesis at 41 and 4% respectively of the rate obtained 

Concn of cyste~nelsrlenocyste~ne (mM) 

Fig 1 Effect of concentration of cysteme (0) and selenocysteme 
(A) on the rate of mcorporation of [‘4C]PHS (5 mM) into 
cystathlomne and selenocystathlonme catalysed by crude spm- 
ach extracts All other conditions were as described for method B 

(cysteme as substrate) and method D (selenocysteme as substr- 

ate). Separate spinach extracts were used to investigate the effects 

of cysteme and selenocysteme concentration The extract used to 

study selenocysteme extublted an activity of 0 96 nmol/mm/mg 
protem when selenocysteme was replaced wtth 0 5 mM cysteme 

with 5 mM PHS When both PHS (5 mM) and SHS (5 
mM) were supplied together the rate of C3H]cysteme 
mcorporatlon did not exceed by more than 10% that for 
PHS alone, suggestmg that the two compounds serve as 
alternatlve substrates L-Homoserme, L-serine, O-phos- 
pho-L-serme, 0-acetyl-L-serme, L-serme-0-sulphate and 
L-asparate (each 5 mM) did not support the mcorpor- 
atlon of [3H]cysteme mto cystathtonme nor did they 
affect the syntheses of cystathlonme by mole than 10% 
when PHS was supplied as the ammobutyryl donor. 

Pre-mcubatlon of spmach crude extract with low 
concentrations of Dr.-prOpargylglyCinC, an lrreverslble 
inhibitor of the CyS of Lemnu pauc~cosrata [6, 7, 131, 
strongly mhiblted the sprnach enryme (Fig 2) Ammo- 
oxyacetate, a carbonyl group leagent and a well known 
mhlbltor of pyrldoxal phosphate-dependent enzymes [14, 
151, abolished CyS actlvlty The spmach enzyme also 
exhIbited varying degrees of sensltlvity to DL-Viny&- 

cme, /I-cyanoalanme and lsomcotnuc acid hydrazlde 
(Table 1). The effect of cystathlomne and related com- 
pounds on the rate of cystathlonrne synthesis was deter- 
mmed by methods A and B (Table 2) L-Cystathlonme (7.5 
mM) inhibited actlvlty by cu 15% when assayed by both 
methods A and B L-Selenocystathlomne, mhlblted actlv- 
Ity by 22% by method B but 64% by method A Cystme 
(0.32 mM) and selenocystme (1 5 mM) both decreased 
enzyme actlvlty by similar amounts when assayed by 
method A but these effects were not as pronounced when 
measured by method B 

Syntheses of [75Se]arl~nocy.stuthionlne h_v spmach extracts 

The catalytic activity of C:S towards selenocysteme tn 
lieu 01 cysteme was exammed by supplymg 
[‘“Selselenocysteme and SHS (method C) In prmclple, 

0 20 40 60 80 100 

concn of Propargylglyclno (jib,0 

Fig 2 Effect of oL-propargylglycme concentration on the rate 

of [‘4C]PHS Incorporation Into cystathlonmejselenocystathio- 
nme m the presence of cysteme (A) and selenocysteme (0) 
Crude spmach extract was premcubated for 10 mm at 30” m 20 

mM HEPES buffer, pH 7 8, al the concentrations of propa- 

rgylglycme specified All other details were as described for 

method B (with cysteme as substrate) and method D (selenocyst- 

eme as substrate) Activity IS expressed relative to appropriate 

controls lacking propargylglycrnc (1 00 and 1 I5 nmol/mm/mg 
protem for methods B and D respectively) 
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this method has much m common with method A but as 
discussed below the post-mcubatlon analytical proce- 
dures employed m method A could not be used. Examm- 
atlon of “Se-1abelled material m terminated reaction 
mixtures by electrophoresrs after the first Dowex treat- 
ment shows that crude spinach extracts do indeed cata- 
lyse the synthesis of a “Se-labelled product which IS 
electrophoretically mdlstinguishable from authentic sel- 
enocystathlonine (Fig. 3A) This product 1s not formed in 
the absence of SHS (Fig. 3B) or m the absence of enzyme. 
Moreover, the formation of the product IS completely 
abolished by 0 1 mM DL-propargylglycme (results not 
shown). However, a substantial amount of the ‘?Se-label 
eluted from Dowex is not associated with the compound 
which co-migrates with selenocystathlonine (Fig 3A). 
This label 1s associated with several slower-migrating 
compounds which also move towards the cathode upon 
electophoresls m buffer A These compounds are also 
detected in incubations lacking SHS (Fig. 3B) and en- 
nyme thus suggesting that they are oxldatron products of 
selenocysteine which are formed non-enzymlcally. The 
level of these compounds, but not the level of the 75Se- 
labelled product which co-migrates with selenocystathio- 
nine, is readily decreased by successive Dowex treat- 

Table1 Effect of some mhlbltors on the CyS actlvlty of crude 

spmach extracts 

InhIbitor* 

Concentration CyS activityt 

(mM) (% of control) 

DL-Vmylglycme 

/I-Cyanoalanme 

Ammo-oxyacetate 

Isomcotmic acid hydrazlde 

0.1 93 

1 71 
1 22 

10 5 
1 0 
1 100 

10 25 

*Crude extracts were premcubated with the appropriate 

inhibitor for 10 mm at 30” m 20 mM HEPES buffer (pH 7 8) at 

the concentrations specified. 
tActlvity was determined by method A The rate of 

C3H]cysteme mcorporatlon m a control incubation lacking 

inhibitor was 0 58 nmol/mm/mg protein 

ments. If a performic acid oxidation treatment, analogous 
to that employed m method A, IS conducted between the 
two Dowex treatments then very little 75Se-label IS 
recovered; no label co-migrated with selenocystathiomne 

Fig 3 Radioelectrophoretogram traces of the ‘YGe-labelled 

products formed from [“Selselenocysteme in the presence and 

absence of SHS by crude extracts of spmach (A and B). The 

deleterious effect of performic acid oxldatlon on the recovery of 
the ‘5Se-labelled products are also shown (C and D) Condttlons 

for the enzyme mcubation (with and without SHS) and the first 

Dowex treatment were as described for method C A sample of 
the “Se-labelled material eluted from the first Dowex treatment 

with aq NH3 was dried, dissolved m 0.17% TCA (20 5 ml) and 

reapplied to Dowex After washing, re-elutmg with aq NH3 and 

drying a second time, the residue was dissolved m 88% formic 

acid (0 2 ml) and subjected to PE m buffer A for 1 75 hr at 2 5 kV 

(traces A and B). Alternatively, the 75Se-labelled material eluted 

from the first Dowex treatment was dissolved and oxldlzed with 

performic acid as described in ref [7] before reapplymg to 

Dowex After washing and elutmg with aq NH, the dried 

material was dissolved m 88% formic acid (0 2 ml) and subjected 

to PE as described above (traces C and D) Authentic samples of 

selenocystathlonme (l), selenocystme (2), selenocysteme (3) and 

cystathlonme sulphone (4) migrated as shown The value of the 
truncated peak m trace A IS 16 2 

Table 2 Effect of cystatluonme and cystme and their selemum isologues 

on CyS activity of crude spinach extracts as determmed by [3H]cysteme 

mcorporatlon (method A) and [14C]PHS mcorporatlon (method B) 

Addition 

CyS activity* 
Concentration (X of control) 

(mM) Method A Method B 

L-Cystathlomne 75 840 86.3 
L-Selenocystathlomne 75 35 8 78 1 
L-Cystme 032 26 3 55 3 
Seleno-DL-cystine 15 155 89 8 

*CyS activity was assayed by the standard procedures for method A 
and B, the standard concentrations for PHS and cysteme for both 

methods were 5 and 0 5 mM respectively The rates of cystatluonme 

synthesis m control mcubatlons lackmg any addltlons for methods A 

and B were 0.56 and 0 84 nmol/mm/mg protein respectively. 
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and only a trace amount co-migrated with cystathlonme 
sulphone (Fig 3C) Incubation mixtures lacking SHS 
treated m a similar way contained neghglble label m this 
region (Fig 3D) The deleterious effect of performic acid 
oxidation of selenocystathlonme was examined by elutmg 
enzymlcally synthesized [75Se]selenocystathlonme from 
electrophoretograms (eg Fig. 3A), mixing It with 100 
nmol of authentic unlabelled selenocystathlomne, and 
subjecting It to various oxldatlve procedures prior to 
paper electrophoresls Treatment with performic acid for 
as little as 5 mm (cf 60 mm for method A assays) resulted 
m only 40% recovery of the “Se-label m the region co- 
migrating with cystathlonme sulphone after electrophor- 
esls m buffer A Oxldatlon with H,O, [16, 171 was 
equally unsatisfactory Collectively. these studies show 
that oxldatlve procedures employed to separate labelled 
cysteme from cystathlonme on Dowex (method A) are 
unsuitable for the separation of selenocysteme from selen- 
ocystathlonme In theory, the mcorporatlon of 
[75Se]selenocysteme mto selenocystathlonme can be 
quantified by subjecting terminated reaction mixtures to 
Dowex treatment followed by electrophoresls to remove 
labelled contaminants which are formed non-ezymlcally 

Alternative approaches for separating [74Se]seleno- 
cysteme and its oxldatlon products from [75Se]seleno- 
cystathlonme were investigated They mvolved 
terminating incubations with hot ethanol containing 
one of the alkylatmg reagents N-ethylmaleimlde and 
lodoacetate to promote a reactlon with residual 
[75Se]selenocysteme [ 18, 191 Analysis of the resulting 
mixture by electrophoresls revealed the presence of a 
75Se-labelled product which co-migrated with selenocys- 
tathlonme This IS shown m Fig 4A using lodoacetate as 
the alkyiatmg agent This product did not form in the 
absence of enzyme or SHS (Fig 4B) The data m Fig. 4C 
show that although several ‘5Se-labelled compounds are 
formed non-enzymlcally, treatment with lodoacetate per- 
mits clear resolution of enzymlcally synthesised seleno- 
cystathlonme from the carboxymethyl adduct of un- 
reacted [‘?Se]selenocysteme The dtscontmuatton of 
commerctal supplies of [75Se]selenocystme (from which 
[‘“Se]selenocysteme was synthesized) forced the termm- 
ation of this work 

Synthem of [‘4C]selenocystathmme from [‘4C]PHS 
and unluhelled relenocvsteme 

Direct exammatlon of terminated reaction mixtures (as 
for method D) by paper chromatography m solvent A 
showed the presence of a single “C-labelled product with 
chromatographlc characterlstlcs mdlstmgmshable from 
selenocystathlonme. The formatlon of the product was 
completely dependent on the presence of selenocysteme 
and enzyme, characterlstlcs which are consistent with the 
synthesis of selenocystathlonine by C$ activity Treat- 
ment of the reaction mixtures on Dowex effected com- 
plete removal of [‘4C]PHS from [“Ylselenocystathlo- 
nine as Judged by paper chromatography and electrophor- 
esls thereby affording a method for the quantitative 
estimation of selenocystathionme synthesis This proce- 
dure, which IS mcorporated m the standard procedure for 
method D, ehmmates the problems associated with the 
non-enzymic formation of 75Se-labelled oxidation pro- 
ducts of [75Se]selenocysteme (method C) though this 
method does not directly demonstrate mcorporatlon of 
selemum per se 

FQ 4 Radloelectrophoretoyram traces of the 75Se-labelled 
products formed from [75Se]selenocysterne by crude spmach 

extracts m the presence of SHS when reactions were termmated 

with ethanol contammg lodoacetlc acid Incubation mixtures (50 

~1) were as described for method C Reactions were termmated 

by addltlon of 1 ml of hot (50’) 13% ethanol containing d 20% 

molar excess of lodoacetlc acid (0 3 M stock m 0 21 M NdOH) 

over the total seienol and thlol concentration After alkyldtlon 

for IS mm. msoluble material was removed by centrlfugatlon 

Samples were subJected to PE: rn buffer A for 3 hr dt 2 5 kV The 

dlstrlbutlon of “Se-label 1s shown for a complete mcubdllon (A) 

and an mcubatlon lackmg SHS (B), authenttc selenocystdthto- 

mne (I) migrated as depicted m (A) The electrophoretlc chdrac- 

terlstlcs of [75Se]carboxymethylselenocysteme are shown m (C) 

The values of the truncated peaks In A, B and C were I9 3,21 i 
dnd 9 9 respectrrely 

Several properties of selenocystathlonme synthesis by 
spmach extracts were examined by method D. Crude 
extracts from acetone powders supported selenocystath- 
ionme synthesis at rates of cu 0 85-O 95 nmol/mm/mg 
protein The rate of the reaction increased with the 
concentration of selenocysteme up to ca 0 5 mM with 
respect to the L-isomer (Fig 1) Concentrations greater 
than 0 5 mM were mhlbltory; for example the actrvlty at 2 
mM was 53% of the actlvlty at 05 mM The K, for 
seleno-L-cysteme, determined from non-mhlbltory levels 
ofsubstrate, was 70 PM The synthesis of selenocystathlo- 
rune, like cystathlonme was extremely sensitive to DL- 

propargylglycme, concentrations as low as IO PM m- 
hlblted activity by ca 60% (Fig 2) 

Evidence on whether crude spinach extracts contained 
a single or separate enzyme to support the mcorporatlon 
of cysteme,lselenocysteme mto cystathlonme/selenocys- 
tathlonme was sought by examining the effect of seleno- 
cysteme on the mcorporatlon of L3H]cysteme mto cys- 
tathromne while concomitantly measuring the total 
mcorporatlon of [‘4C]PHS mto cystathlonme and selen- 
ocystathlonme m the presence of unlabelled cysteme 
and/or selenocysteme (Table 3) The mcorporatlon of 0 5 
mM [3H]cysteme mto cystathlonme was inhibited (85%) 
by selenocysteme (05 mM) The incorporation of 
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Table 3 Effect of cysteine and selenocysteme on the CyS actrvrty of crude spmach extracts as 

determmed by [3H]cysteme mcorporatton and [‘4C]PHS mcorporatron 

Labelled substrate 
Unlabelled substrates 

and addmons 

CyS actrvtty* 

(% of 

control) 

C3H]Cysteme (0.5 mM) PHS (5 mM) 1OO.k 
PHS (5 mM) plus selenocysteme (0.5 mM) 153 

[r4C]PHS (5 mM) Cysteme (0 5 mM) 1002 
Selenocysteme (0 5 mM) 100 
Cysteme (0 5 mM) plus selenocysteme (0 5 

mM) 87 5 

*CyS acttvtty wrth [3H]cysteme as the labelled substrate was determmed as for method A except 

for the modkicattons shown [r4C]PHS mcorporatlon was measured as for method B except that 

cysteme was replaced or supplemented wtth selenocysteme as mdtcated Under these condtttons 

[“kZ]PHS would be mcorporated mto selenocystathtomne as well as cystathtonme 
t0 65 nmol/mm/mg protem 

:O 96 nmol/mm/mg protem 

[r4C]PHS into cystathtomne/selenocystathionme proc- 
eeded at similar rates when either cysteine or selenocyst- 
eme was supplied as the ammopropyl donor. When both 
cysteme and selenocysteine were supphed the total in- 
corporatton of [14C]PHS was only slightly less (12%) 
than the mcorporatron for either substrate when meas- 
ured alone The results imply that cysteme and seleno- 
cysteine compete with each other. The large mhibrtron of 
C3H]cysteine incorporation by selenocysteine probably 
reflects a combinatton of direct competition between the 
two substrates, shght mhrbrtion caused by a combined 
substrate concentration of 1 mM and higher affinity for 
selenocysteine than cysteine The lower rate of [14C]PHS 
mcorporatton when both substrates were supphed toget- 
her relative to the rates obtained wrth each substrate 
alone IS also attributed to the mhibrtory affect of a 
combined substrate concentratton of 1 mM 

The nature of the competition between cysteme and 
selenocysteme was examined further by studying the 
kinetics of the selenocysteme mhibrtion of C3H]cysteme 
incorporation mto cystathionme (Fig 5). A Hanes-Woolf 
plot of this data is shown in Fig. 6 It is apparent that even 
if all the expertmental pomts are weighted equally the 
data are not consistent with non-competitive competition 
between C3H]cysteme and selenocysteine. Both K, and 
V max vary with increasing selenocysteine concentration 

typical of a mixed competitive/non-competitrve relatton- 
ship. However, both cysteme and selenocysteine are 
mhtbitory at concentrattons greater than ca 0 3-0.5 mM 
(Fig 1). When only those points are considered where the 
combined concentrations of cysteme and slenocysteme 
does not exceed 0.3 mM the kinetics of selenocysteme 
inhibition of cysteine mcorporatron more closely re- 
semble competitive mhrbrtron (Fig 6). Assummg this 1s 
correct, then the K, value for selenocysteme, calculated by 
the method of ref [20] at a selenocysteine concentration 
of 50 PM, 1s ca 40 PM 

DISCUSSION 

Crude extracts of spinach supported the synthesis of 
cystathronme as determined by methods A and B usmg 
cysteine and PHS as substrates. The properties of the 
reaction are consistent with CyS activity from other 

concn of L-cysteme (rnM) 

Ftg. 5. Effect of selenocysteme on the mcorporatron of 

[3H]cysteme mto cystathtonme catalysed by crude spinach 

extracts m the presence of PHS. [3H]Cysteme mcorporatton was 

measured by method A wtthout any addmons (A) and in the 

presence of 005 mM (B), 0 125 mM (C) and 025 mM (D) 
selenocysteine respecttvely 

sources [6, 71. Cysteme could not be replaced as the 
donor of the sulphur and ammopropyl motettes of cys- 
tathionine while various O-esters of homoserine (but not 
homoserme itself) acted as ammobutyryl donors. 
Maximum actrvity of the spinach enzyme was detected m 
the presence of PHS, the physiologically active substrate 
[Z] The K, value for cysteme (0.25 mM) is similar to that 
reported f;om other plants [S, 7,9] and Salmonella [21]. 
The K, value for PHS is one of the lowest reported for a 
crude plant extract [S, 71 but 1s considerably greater than 
the value reported for the purified barley leaf enzyme [9] 
Inhibitton of the spinach enzyme by high concentrattons 
of cysteine and PHS has been reported for enzymes from 
other sources [6, 221. Inhibitton of cystathronme syn- 
thesis by propargylglycine, vinylglycme and /I-cyanoala- 
mne (Fig 2, Table 1) IS also consistent wrth the mvolve- 
ment of CyS activity [6,9, 221. The inhibition of activity 
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Concn of L-cysteine (mMn) 

Fig 6 HanesPWoolf plot of the kmettcr of selenocysteme mhlbl- 

tlon of [‘Hlcysteme mcorporatlon mto cystathlomne The pnm- 
ary data are shown m Fig 5 The dotted hnes depxt the hnes of 
best fit for all avadable data The contmuous lines show the hnes 

of best fit for those estlmatlons where the combmed (cysteme 

plus selenocysteme) concentrations do not exceed the presumed 

mhlbltory level of0 3 mM WIthout aelenocysteme (A), 0 OS mM 

selenocysteme (B) and 0 125 mM selenocysterne (C) 

by ammo-oxyacetate and lsomcotmlc acid hydrazlde 1s m 
agreement with the reported role of these reagents as 
inhibitors of pyrldoxal phosphate-requlrmg enzymes [ 14, 

151 
It IS not clear whether the mhlbltlon of cystathlonme 

synthesis by 0 32 mM cystine (Table 2) results from 
variations m the concentrations of cysteme or interaction 
with the enzyme The presence of a 25-fold molar excess 
of DTT over the mltial cysteme concentration could 
result m reduction of cystme, augmenting the cysteme 
concentration from 0 5 mM to an mhlbltory level of 1 I 
mM (Fig. 1). Presumably the greater mhlbltlon by cystme 
of method A assays compared to method B results from 
radlochemlcal dilution of the C3H]cysteme substrate m 
addition to the mhlbltory effects of elevated cysteme 
concentrations; method B assays mvolvmg [‘%Z]PHS 
would not be affected m this way Qualrtattvely slmllar 
results were obtained with selenocystme This IS consistent 

with the possibility that selenocysttne was reduced to 

selenocysteme which competed with cysteme thereby 
mhlbltmg [3H]cysteme mcorporatlon but not the m- 
corporation of [14C]PHS The mhlbltory effect ofseleno- 
cystathlonme on method B assays (Table 2) 1s consistent 
with that for cystathlonme but the relatively greater 
mhlbltlon m method A assays implies the presence of a 
contammant or a compound formed from selenocystath- 
iomne by spinach extracts which mhlblts [JH]cysteme 
mcorporatlon but has little effect on [“YY]PHS mcorpor- 
ation. 

The studies with [“Se]selenocysteme mcorporatlon 
(Figs 3 and 4) provide evidence that the selemum atom of 
selenocysteme IS mcorporated mto selenocystathlonme 
The electrophoretlc characterlsttcs of the product, the 
requirement for the ammobutyryl donor SHS and the 
senslttvrty of [“Se]selenocystetne mcorporatlon to 
propargylglycme estabhsh the ldentlty of selenocystath- 

Ionme as the product and the role of the enzyme Cl8 m its 
synthests However, techniques were not perfected for n 
satisfactory quantltatlve assay for the mcorporatlon of 
[75Se]selenocysteme mto selenocystathlonme: proce- 
dures analogous to those employed for the quantltatlve 
mcorporatton of [“Hlcysteme into cystathtonme 
(method A) mvolvmg the oxidation of cystathlontne to tts 
sulphone could not be used due to uncontrolled oxldatlve 
side reactions with [ Y’Se]seletlocystathlonlne and 
[“Selselenocystetne Alternallve procedures riced to be 
elucidated and m this regard the II?IC of dlkqlatmg agents 
could prove useful (Fig 4) 

Selenocystathlonme and cystathlonme synthesis as de- 
termlned by [‘%Y]PHS mcorporatlon cxhlblt some pro- 
pertles which Indicate that the two products nre syn- 
theslzed by a common mechantsm Crude extractc sup- 
port the two reactions at slmllar rates and both reactions 
are InhIbIted at cysteme dnd selenocysteme concentrat- 
tons greater than CLI 0 5 mM (Fig 1) Also, both reactions 
exhibit slmllar sensltlvrty to propargylglycme (Fig 2) and 
the rates of [‘4C]PHS mcorporatlon alth cysteme and 
selenocysteme are not additive (Table 3) The kmetlcs of 
selenocysteme mhlbltlon of C71-Ilcysteme tncorporatlon 
at low total ammo acid concentractlons (Fig 6) also 
suggest that cyst&e and selenocysteme compete for a 
common reaction site though the data do not make clear 
whether selenocysteme 1s a purely competltl\e mhlbttor 
or exhibits mixed competltlve,non-competltlve ktnetlcs 
[20. 231. Interestingly, spinach extracts exhlblt a higher 
affinity for selenocysteme (K, = 70 /rM) than cysteme 
(Km = 240 $vII Given the similar I’,,, values for the two 
substrates it follows from the higher afintty for seleno- 
cysteme that CyS would metabohLe more selenocysteme 
than cysteme m equlmolar mixtures at non-saturating 
concentrations of both substrates This could contrIbute 
to the large mhlbltlon of CJH]cysteine mcorporatlon by 
selenocysteme (Table 2) The data provide no evidence m 
support of a selenocysteme-specific selenocystathlonme 
;I-synthase m sptnach extracts Rather. the data suggest 
that CyS, like several other enzymes of the sulphate 
asslmllatlon pathway. supports a reaction with the selen- 
ium lsologue of the pathway. other examples include ATP 
sulphurylase [24-261. cysteme syntha\e [Is] and /i- 
cystathlonase 1271 

Plants contain the enzymes glutathlone reductase and 
cysteme synthase which catalyse the tncorporatlon of 
SeO:- mto selenocysteme 119, 38, 291 Since the /G 
cystathlonases from various plant species reportedly 
metabohse both cystathlomne and selenocystathlonme 
with slmllar affimtb 1271. then it follows from the present 
study that the transsulphuratlon pathway of plants has 
the capacity to Incorporate selenocysteme mto seleno- 
homocysteme, the precutned precursor of selenomethlo- 
nine, an important mcorporatlon product In many non- 
accumulator plants when supphed with morganrc selen- 
ium [30, 311 The locahzatlon of homoserme ktnase, C;S 
and most of the /I-cystathlonace actlvlty m chloroplasts 
[IO] together with the capacity of these organelles to 
mcorporate SeOi rnto selenocysteme [2X] suggests that 
lllummated chloroplasts have the capactty to incorporate 
morgamc selemum mto selenocystathlonme 

Although the CyS of spmach has the capacity to 
tncorporate celenocysteme mto selenocystathlonme, pre- 
sumably non-accumulators such as spinach normally 
produce selenocysteme at very slow rates due to the low 
levels of SeO:- m most solls Reports that many non- 
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accumuiator species readily incorporate appiied~seitinium 
mto protein (mostly as selenomethionine) suggest that the 
transsulphuratlon pathway is open to selenium and that 
selective removal of selemum lsologues of the pathway 
mto metabolically met-t compartments is unhkely. 

EXPERIMENTAL 

Plant material Me&O powders were prepared from freshly 

harvested leaves of field grown spmach (Sptnacla oleracea) and 

stored m a desstcator at -10” 

wrth some moddicattons suggested m ref- n4J Homoserme 

kmase was purtfied from bakers yeast [2,27] after drsruptmg the 

cells wtth hqmd N, [35]. The thawed maternal was suspended m 

an equal vol of 0 1 M K,CO, buffer (pH 8 5) contammg 14 mM 
2-mercaptoethanol and stirred for 48 hr whde mamtammg the 

pH at 8 5 wrth aq NH, After removmg partrculate matter by 

centrtfugatron, sohd (NH&SO, was added and the protem 

fractron prectpttatmg between 32 and 44% saturatton was 
dtssolved m 50 mM Trts-HCl (pH 7 4) contammg 14 mM 2- 

mercaptoethanol Thts extract was dtalysed overmght agamst 

Trts-HCI buffer (as above) and employed as the source of 

homoserme kmase for the syntheses of PHS 
Chemzcals r_-[3,3’-3H]Cystme dthydrochlortde, L-[U- 

“C]homoserme and L-[“Se]selenocystme were purchased from 

the Radrochemtcal Centre (Amersham, Bucks, U K ) AHS, O- 
acetyl-L-serme and L-cystathronme were obtamed from Calbto- 

them (Los Angeles, Ca, US A.). L-Selenocystathromne was 

synthesized as descrtbed m ref. [27] Samples of PHS and L- 
serme-O-sulphate were gtfts from Dr J Grovanelh (Bethesda) 

and Dr I Murakosht (Chrba) respectively Dowex I-Cl- and 50- 

H+ were obtamed under the respecttve destgnattons of AG- x 10, 

100-200 mesh and AG 5OW- x 4,200~400 mesh (Bto-Rad Labr , 

Rtchmond, Ca., U S A ) All other chemtcals were purchased 

from Stgma (U S A ) 
Preparation of enzyme extracts Crude extracts of spmach were 

prepared by blendmg 5 g of spinach Me,CO powder m 50 ml of 

0 1 M K-PI buffer, pH 7 2 Thereafter the procedure was as 

descrtbed m ref [Z] 

Unlabelled PHS was synthesized m the reactton mtxture 

described m ref [33] except that MgCl, was substttuted for 

MgSO, and KCI (50mM) was Included [34] The reaction 
mixture (600 ml) contamed I6 mmol DL-homoserme and a trace 

of t_-[U-?Z]homoserme (5 pC1, 0 125 pmol) to monitor purtfic- 

atton together wtth homoserme kmase derived from 5OOg of 

yeast. After 8 hr at 20” the reactton was termmated by heatmg 
(loo”) After tiltratton, PHS was punfied as m ref [2] The yield 

was 45% wtth respect to L-homoserme The product contamed 

no UV-absorbmg maternal and no PI [36] PE m buffer B 

revealed one maJor radtoacttve component whtch reacted wtth 

nmhydrm and co-mtgrated wtth an authentrc sample of PHS No 

[‘4C]homoserme was detected 

Assay of CgS Four methods based on the methods described 
m refs 12,771 were used Method A ([‘H]cysteme mcorporatton) 

mcubattons (50 ~1) were conducted under N, at 30” m small 

capped tubes and contained (m pmol), L-cystathtomne (0 007), L- 

C3H]cysteme (0.025,O 2 &I), MOPS (30) pH 7 7, PHS (0.25) and 

crude extract (0.0254 15 mg protem) Reacttons were termma- 

ted after 1 hr by addttton of 0 5 ml of a cold soln of 6 8% TCA 

contammg t_-cysteme (126 pmol) and L-cystathtomne 

(0 34 pmol) Terminated reaction mtxtures were then treated as 

descrrbed m ref [2] with the modtficattons detailed m ref. [7]. 

Method B ([U-r4C]PHS mcorporatron): mcubattons (50 ~1) 

were conducted under N, at 30” in small capped tubes essenttally 

as described for method A except that unlabelled L-cysteme and 

[U-r4C]PHS (0 25 pmol, 0 063 &I) were used Reacttons were 
termmated after 1 hr wtth 0 5 ml of a cold soln of 6 8% TCA 

contammg L-cystathtomne (0 34 pmol) only Insoluble maternal 

was removed by centrtfugatton (3ooO g, 10 mm) and radtoacttve 

cystathtonme was resolved from [“‘CIPHS (and any labelled 

homoserme formed non-enzymtcaily from It) by ton-exchange 

chromatography on a column of Dowex 50-H+ [32]. The aq 

NH, eluate from the column was evapd and the residue dts- 

solved m 1 05 ml of H,O. A sample of thus soln (1 ml) was added 

to 9 ml of aq countmg scmttllant and the cystathlonme pro- 

duced was determined from the radtoacttvtty Method C 

([‘sSe]selenocysteme incorporatton) reactions were essenttally 

as described for method A except that [75Se]seleno-L-cysteme 

(0 025 pmol, 1 ~0) replaced L-C3H]cysteme In some prehmm- 

ary studtes SHS replaced PHS as the a-ammobutyryl donor 2- 

Mercaptoethanol (10 mM) was present m all solns used for 

washing and elutmg Dowex 50-H+ columns Method D ([U- 

“‘C]PHS mcorporatton) reacttons were as descrtbed for method 

B except that unlabelled seleno-DL-cysteme (0 05 pmol) replaced 
L-cysteme. CyS acttvtty IS expressed as nmol of cystathtonme or 

(where approprtate) selenocystathtonme synthestzed/mm/mg 

protem 

[U-r4C]PHS was synthestzed from L-[U-r4C]homoserme 

(50 &I, 20 pmol) m a reaction (4 ml at 30°C) contammg dtalysed 

homoserme kmase dertved from 20 g of yeast. All other mcub- 

atton condtttons were as m ref [34] The reaction was termmated 

after 3.5 hr by heatmg (lOO”) and msoluble maternal removed by 

centrtfugatlon and washed twice wtth H,O (1 ml) The super- 

natant soln and washmgs were combined, dtluted to 66 ml wrth 

H,O and applied to a column of Dowex l-Cl_ (0 8 x 7.8 cm) The 

column was washed wtth 7.8 ml of H,O and then wtth 7 5 mM 

HCI The radroactrve maternal elutmg between 12 5-47.0 ml HCI 

was collected Charcoal (1 g) was added to remove UV-absor- 

bmg material After sttrrmg for 30 min the charcoal was re- 
covered by filtration and washed twtce with 10 ml of H,O The 

combmed filtrate was lyophthzed, drssolved m 3 ml of H,O and 

applied to a column of Dowex 50-H+ (0 8 x 3.6 cm) The column 

was washed wtth 12 ml of H,O The washmgs were lyophthzed 

and the restdue dissolved m 042 ml of H,O The yreld of [U- 

“‘C]PHS from r_-[U-r4C]homoserme was 77% and was at least 

96% radtopure as Judged by PE m buffers B and C. 

Electrophoresls and chromatography PE was conducted at 4” 
on Whatman 3 MM paper m the followmg buffers A, 046 M 

HCO,H, pH 1 9, for 75 mm at 2 5 kV [2,3], B, 1% Pyr adJusted 

to pH 3 5 wnh glactal HAc [37, 381 for 45 mm at 3.3 kV, C, 

I25 mM trtethanolamtne-HCI, pH 8 0, for 45 mm at 2 5 kV [Z] 

Descending PC was performed on Whatman 3 MM paper at 

room temp usmg the followmg solvents A, PrOHconc 

HCl-Ha0 (6 2 1) [39], B, MeOH-pyrtdme-1 25 M HCl 

(37 4 8) [4O] Ammo actds were vtsuahzed wtth nmhydrm 

Radtoacttvtty on chromatograms and electrophoretograms was 
determmed by cuttmg strtps mto 1 cm secttons and countmg m 

5 ml of aq counting scmttllant 

Preparation and esttmatlon of cysteme L-Cystme, etther un- 
labelled or as L-[J, 3’-3H]cystme dthydrochlortde was dtssolved 

m 0 I M HCI and adJusted to pH 8 wtth 0.8 M-Trtcme (pH 9) 

prtor to mcubatton under N, at 30” for 30 mm wtth a 50-fold 
excess of DTT [41] Solns of t_-cysteme were prepared tmmedta- 

tely prtor to use and esttmated wtth reagent 2 as descrtbed m ref 

~421 
Preparation of PHS “‘C-Labelled and unlabelled PHS was Preparation and estlmatton of selenocysteme. Seleno-DL-cystme 

synthestzed enzymtcally from homoserme and ATP catalysed by or [75Se]seleno-L-cystme was dtssolved m 1 M HCl and reduced 

homoserme kmase essentrally as described m refs [2,33] together wtth DTT lmmedrately prtor to use as descrtbed for the prepar- 
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atlon of cysteme Stock solns of selenocysteme were not estlma- 

ted by the method described for cysteme [42] smce this proce- 

dure has low sensltlvlty towards selenocysteme and the resulting 
chromophore IS not stable [l9, 411 It was assumed that reduc- 
tlon of selenocystme went to completion 

Other methods Evapn was carried out at 25’ with a rotary 
vacuum evaporator Enzyme kmetlc data were plotted by the 

Hanes-Woolf method [23] and K, values were determined by 

the least squares method 1231 Protein was measured as m ref 
1431 usmg bovme serum albumin as standard 
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