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I .  SUMMARY 

f -Cyanoa lan i ne synthase i n  et io lated seed l i ngs of Lupinus 

angustifo l i us is found mai n l y  i n  the m i tochondri a l  f raction of the coty ledons 

and stems . I n  seed l i ngs deve lop i ng at 25 °
C in the dark it reaches a 

maxima l concentration after 5 days , at the same time as asparag i ne accumu-

. 
l otion is  most rapid and othe r  physio log i ca l changes occu r .  However ,  

maxima l abt l i ty to assim i l ate H C N  gas to asparag i ne deve lops afte r 3 to 4 

days , befo re asparag i ne accumu l ation beg ins .  

A partia l purifi cat ion of l up i n  f -cyanoa lan i ne synthase is described 

and i ts d isti nction from cyste i ne synthase conf i rmed . 

Carbon- 14  labe l led substrates were suppl ied to et io l ated seed l i ngs 

of l up i n  in order to ide ntify precursors of asparag i ne .  Four carbon ac ids 

re lated to the TCA cyc le were read i ly converted to asparag i ne in  v ivo 

but not i n  v i tro; the carbon ske leton of aspartate i s  retai ned i n  asparag i ne .  

Comparison of the distribu tion of l abe l i n  the ca(bon ske letons of aspartate 

and asparagi ne from p l ants supp l ied carboxy l l abe lled fumarate shows a 

separat ion of the aspartate poo l for asparag i ne b iosynthesis  f rom most ce l l  

aspartate. Metobo l i tes that could be expected to give r i se to cyan ide and 

f -cyanoa lan ine are re lat ive l y  i neffect ive as asparag i ne precu rso rs . 

Thus the f -cyanoa lan i ne pathway is no t of major importance i n  

asparag i ne b iosynthesis  i n  l upi ns . 
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il. INTROD UCTION 

When B lumenthai-Goldschmid t  et a l .  ( 1 963) and Tschi ersch  ( 1 963) 

observed that H 
14

CN supp l i ed to hig her p l ants was converted i n to asparag i ne 

by  way of f- cyanoa l an i ne, seri ne provid ing the other  three carbon atoms , 

the possib i l i ty suggested i tse l f  that the i n i t ia l  reaction of this pathway was 

cata l ysed by a re lative l y  unspecif ic  cystei ne synthase , poss ib l y  the same as that 

d escribed by Bruggemann et a l . ( 1 962) 

0) 

( i i) 

cystei ne  
synthase 

CH
20H 

I + -
CHNH

3 
+HS �--<E'b!s!!S-

1 -
coo 

CH
2 SH 

I + -
CHN H  +OH 

I 3 

coo-

A l ternat ive l y ,  these observations may be  a c lue to a so lut ion of the vexed 

question of asparag ine bicsynthesis  i n  plants .  Described here i s  work 

i n tended to evaluate the metabo l i c  ro l e  of these proc.'esses . 

Duri ng the course of this work much re levant i nformation has been 

pub l ished. F l oss�· {1965} stud i ed cel l -f ee systems conta i n i ng 

f -cyanoa la n ine synthase , and found that cysteine cou l d  rep l ace ser i� as 

a substrate . Hend ri ckson and Conn (1969) have recent l y  described a part ia l  

puri fi cation of �-cyanoalan ine  synthase from lup i ns.., .and they corroborate 

the evid ence described here ..that  the lupi n enzyme wi l l  ut i l ise cysteine as 

substrate but not ser i ne .  Meanw h i l e ,  doubt has been thrown on  the s ign i f ic-
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once of the enzyme described by Bruggemann et a l . ,  since the metabo lica l l y  

important  substrate for cysteine syn thase in higher p l an ts now appears to be  

0-a cety l  serine (Giovane l li and Mudd ,  1 967; Thompson and Moore, 1 968). 

Hend rickson and Conn found that l upin r-cyanoa l anine syn thase wi l l  u ti lise 

0-acetyl seri ne as substrate at  5% of the rate that it wi l l u ti l i se cysteine. 

In addit ion an 0-acety l ser ine  dependent cysteine synthase was found in 

their p l an t  materia l ,  loca l ised in a different sub ce l lu l a r  fraction . Fowden 

and Bel l (1965) have investigated the d i stribution of f -cyanoa l anine hyd rat­

ase , wh i  eh converts p -cyan6a l anine to asparagine in l egume species, and 

found that i t  is absent i n  those that a ccumu late f -cyanoa l anine  and 

't-g l utamy l -r -cyanoa l anine. Thus i t  is estab l ished that a wide variety of 

h igher p l ants possess two enzym es , f -cyanoa l anine synthase and f -cyanoal anine 

hydratase , that catalyse what wi l l  be ca l l ed in this thesis the 11 p -cyanoa l a nin-e 

pathway" . 

CN IH2 SH 

CHNH
3

+ 

SH 

I -coo 
cysteine 

�/ f- cyanoa lanine 
synthase 

CH2CN H20 CH2CONH
2 I + \.. I + 

CHNH
3 

l>- CHNH
3 I . _ f- cyanoa lan i ne t 

COO · hydratase COO fcyanoa l anine asparagine 

T his information ,  in con1unct ion with the ear lier resu l ts described here,  

makes i t  most improbab le  that the enzymes of  the f-cyanoa l anine pathway are 

invo l ved in cysteine biosynthesis in p l ants. The emphasis in t his work was 

thus directed more towards e l ucida ting the re l ationship between cyanid e 

assimi l a tion and asparagine biosynt hesis in etio l ated Lupinus angustifolius 

· seedJi.ng$; these p l a n ts accumt.date up to 30% of their dry weig ht as asparagine , 
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and a l so readi l y  assimi l ate cyanide . The deve lopment of f-cyanoal ani:ne 

syn thase activity was studied as a function of p l ant  deve l opment, and 

compared with the deve lopment of the abi lity to assimi l ate exogenous 

cyanide and with the accumu l ation of asparagine . Radio-active substrates 

were supp lied to intact p l ants to study which were the preferred substrates 

for asparagine biosynthesis, and to look for possib l e  precursors of cyanide; 

attempts w ere made to locate the asparagine synthetase desc ribed by 

Webster and Varner (1955 a & b) but not found by other workers 

{Meiste r,  1 962; Lees .et a l., 1 968) . T he resu l ts suggest that the m ajor 

pathway of asparagine syn thesis is from four ca rbon di ca rboxylic acids, 

and not from cyanide; but an iso lation of an asparagine synthetase was 

not achieved. 
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1 .  G EN E�AL MATERIALS & METHOD S  

1 .4 

Seeds of b l ue l upin (Lupinus ang usti fo l i us L . )  were obtai ned from 

Yates ( N . Z . )  Ltd . They were soaked in 0 . 2% "Zephiran" for 5 m inutes , 

r insed, an� stood in tap water for 2 hours . They were then germi nated on 

verm i cu l i te( e i ther in darkR.ess at  25°
C or in a control l ed environment 

cabinet ( 12 hr. l igh t  period, 2000 f. c. , 24
°

C). 

A cetone powder preparat ions were made from 12 day old seed l ings 

by b l endi ng the p l ant mater ia l  w i th about 5 t imes i ts vo l um e  of acetone 

at - 1 6
°

C,  and rap id ly  fi l ter i ng on a Buchner funne l .  The fi I ter cake was 

rehomogen ised w i th the same vo lume of co ld acetone and fi l tered , the 

washed cake bei ng fi na l ly  r i nsed w i th cold "Ana l ar" acetone and dried 

under. r.educed pressure . 

Freeze dried p lant powder preparations were made from 6 day o ld 

seed l i ngs by first freez ing the p l an t  mater ia l  on meta l trays at - 1 6°
C or , 

preferab ly ,  by droppi ng f.t i n to l iquid n i trogen,. and then freeze drying. 

T he dr i ed p lan ts were ground a t  2
°

C in an e l ectric coffee gr i nder set 

up i n  a cold l aboratory: the ground mater i a l  was then sieved throug h a 

30 m esh s ieve and the powder stored i n  a vacuum desi cca tor over ca l ci um 

ch loride. 

Protein determ inati ons were carr ied out by  the co l or imetric method of 

Lowry et  a l . (195 1 } ,  using a mod i fi ed Fol in & C ioca l teau re<�gent .  I n  each 

case the optj ca l densi ty at 7fJJ nm was determined in a Bausch & Lomb 

" Spectroni,c 20" spectrophotometer , and the protein concen tration estimated 

from a standard curve prepared us i ng bovine serum albumen. 
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Un l ess otherwise noted , rad iogct ive materia l s  were ob tained from 

the Rad iochem i ca l  Cen tre, Amersham , ' Eng l and . P lant t issues that had been 

supp l i ed w i th rad ioactive materi a l  were usua l l y  ki l led and extracted w i th 

boi I i ng 80% aqueous a l coho l ,  fo l lowed by water. Var ia t ions a re described 

in each re l evant section . 

The separa tion methods used were h igh  vo l tage paper e l ectrophoresis 

and descend i ng paper chromatography. Un l ess o therwise stated , e l ec tro­

phoresi s  was carried out on Whatman 3MM paper wi th a pyrid i.ne acetate 

b uffer pH 5. 3 m ade by d i lu t i ng 25 ml pyr id i ne and 10 m l  g l acia l  a ce t i c  

ac id  to 2. 51itres w i th dist i l l ed water. The  potent ia l  was from 3 to 5 KV, 

depend i ng on the i nstrument used . Chromatography was ca rri ed out e i ther 

on Whatman No 'I or 3MM paper . The solvent  systems used are ident if ied 

i n  the text by the code g iven i n  tab l e  I l l .  1 .  1 .  

TA BLE I l l .  1 . 1  

So l vent 

Chromatography Solven ts 

Proport ions 

n . b utano l�aceti c ac id: water 

n .  bu tanol :ethanol :water 

n .  butano l :pyr i d i  ne:water 

n. bu tano l  :pyr id i ne:water 

p heno l  :water 

n. propano I :water 

12:3:5 by vo l ume 

2:2:1 by vol ume 

1 : 1 :1 by vo l ume 

6:4:3 by vol ume 

4: 1 by weight 

7:3 by vol ume 

Code 

BAW 

BEW 

BPW 1:1 : 1 

BPW 6:4:3 

�OH 

PropW 

Rad ioact iv i ty was loca ted on e l ectropherog rams and chromatograms 

e i ther by autorad iography or w i th a chromatogram scanner . The chromatogram 

scanners used were a Nuc lear  Ch i cago "Actigraph" (Mark 1 1) and a Packard 

i nstrument . 
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2. C OMPARI SON OF CYA N I D E A ND SULPH I D E  ASSI M I LAT I ON 

Materia l s  & Methods 

Seeds of b lue lup in  were germ i nated as descrjbed above .  

Seeds of onion ( Pukekohe: A l lium cepa) were, soaked i n  0 .  1 %  

1 1 Zeph i ran 11 solution for 5 m in ,  ri nsed , and stood i n  tap water for 30 m in . 

They were then germ i nated on verm i cu l i te in the contro l l ed env i ronment 

cab i net . 

Seeds of Pi nus r<::�d ia ta were l a id on a wad of water saturated fi l ter 

paper and kept at 2°C for 1 4  days: at the end of t h is time they were germ-

i nated on verm icu l i te i n  the con tro l l ed envi ronment  cab ine t .  

l odoacetam ide and S-a cetam idocyste ine were prepared by  t he  method· 

descr ibed by Sch iff ( 1 964) . 

I n  vivo exper iments: 

Seed l i ngs were removed from the verm i cu l i te ,  washed w i th tap water, 

and exposed to either H 
1 4

CN gas or H
2 

35
s gas in the apparatus i l lustrated rn 

figure 11 1.2.1. The K
1 4

C N  and N a}5
s used were 0 . 44 and 6 . 9 mCi per 

mo l e  respectively at the start of this work, the l atter decreasing substant i a l ly  

duri ng t he course of i t. This  was a l l owed for i n  experimental  des ign and 

in terpretation. Later work used cyanide of h igher specifi c  act iv i ty . 

T he rad ioactive gas was re l eased by tipp i ng in acid , and 0 .  5 to 

4 hr  after th is, the comp l ete stoppe r  un i t  was removed i n  a fu�e cupboard and 

50 m l  boi l ing 80% ethanol  added to k i l l  the p lan t  materi a l . The f l ask was 

then boi l ed bri efly on a hotp l ate to expe l  residua l HCN or H
2

S .  The p l an t  

materi a l  and aqueous ethanol were homogen ised i n  a n  MSE h igh speed 
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homogeni ser for 5 m in ,  then fi l tered on a Buchner using Whatman No. 541 

fi l ter paper .  The f i  I te r  cake was washed and re homogen ised w i th 80% 

ethano l ,  fi l tered again , and this cake then homogenised w i th water. The 

fi l trates were comb ined and evaporat�d to d ryness in a rotary evap orator at  

35
°

C, and the resu l ting mater ia l  red isso l ved in 2 ml 10% aqueous i soprop-

anol . Rad ioacti ve components were sepa rated by high vol tage e4ectrophoresis 

and chromatography on Whatman No. 1 paper (so l vents preferred: 9SOH 

separates asportate from f-cyanoa l an ine and asparagine; BPW 1 :1 :1 separates 

f-cyanoa l an ine from aspattate and asparagine). 

Two modifications of this procedu re were used to ident ify the l abel led 

su lphur-contain ing am inoac ids in the p l ant  extracts from su lph ide-feed ing 

experiments. In the Hrs t, portions of the extracts prepared as described above 

were ox id i sed by evaporating them to dryness in a vacuum desi cator with 30% 

hyd rogen perox ide; th is converted cysteine and cystine to cysteic ac id ,  and 

cysteic ac id was separa ted from su lphate and other su lphur compounds by 

paper chromatography w i th BPW l :1  :'!, and by e lectrophores is. In the 

second mod i f ication ,  after removing the stopper un i t  in the fume cupboard, 

c rushed d ry ice was added and a llowed to evapora te to expel res idua l H
2

s. 

Then 50 m l  iodoacetam ide (0 . 25%) in  80% ethano l was added at  - 1 6
° to 

the sti 11 frozen p l ant  mater ia l .  The f l ask was stoppered and stored for at  

least 24 h r  at  -16
°

C. The plant materi a l  and solution were then homogenised 

and the so lub le  components extracted as descr ibed before , us ing in add i t ion 

ch romatography so l vents BAW and PropW . In the second mod if i catiion, cys t ine 

is not affec ted , but cysteine is converted to 5-acetamidocysteine. 



1 8  

The i nsol ub l e  residues l eft after fi l trat ion were d igested w i th 1 1 Pronase11 

(A prote inase of broad spe cif ic i ty supp l i ed by Ca lb iochem, Los Ange l es, 

USA, and derived from Streptomyces g ri seus: Nomoto et a l. ,  1960) . 

Pronase was d isso l ved i n  O.OlM phosphate buffer at pH 7 . 2, w i th 50 pg 

ch loram phen i co l  per m l  added to preven t  bacteri a l  growth (Peterson & But l e r, 

1 962) .  Each samp le  was i ncubated for two days at 35
°

C w i th 2 m l  of th i s  

preparation, at  the end of  wh i ch t ime about 1 'm l  of hot ethanol w as add ed 

and the suspension centrifuged . The supernatant  was kept and the pe l l et 

resuspended i n  50% ethanol, and then re-centri fuged. The comb i ned 

s_upernatants were evaporated to d ry ness i n  a vacuum des i cator, and the 

d ry materi a l  red i ssol ved i n  0 .  5 m l  1 0% a queous i sopropanol  as described 

b efore . 

Contro l  experiments were carri ed out on l up in  and on ion p lant  

m ateria l  that had been autoc l aved for 20  m in  a t  1 20
°

C .  The p lant  m ateri a l  

w as autocl aved i n  conica l f l asks; the stopper un i ts were added anq the rest 

of the experim en ta l  p rocedure carried out exact ly as before . 

Ten tative identi fi ca tions of the substances separated were confirmed 

by co-chroma tography wi th  an  authen t i c  sampl e, using two d imens ion a l  

chromatography and autoradiography . In  the case of su l phate ,  co-chromato­

g raphy was carried out w i th car6er free 
3 5

s-su l phate and the chromatograms 

scanned . ·On scanni-ng , onfy peaks due to su l phate were found, a nd the­

areas under these were found to be the sum of the areas under the su l phate 

peoks in paro l l el·ch romatograms of carri�r f ree su l phate and suspec!ed 

su lphate . 



1 9  

· I n  v i t ro experiments: 

These were carri ed out on acetone powder  preparations of 1 2  day 

o l d  l upins . Acetone powder (0 . 5 gm) ·was shaken wi th 20 m l  potassium 

p . 
phosphate buffer (0 . 1 M, pH 7 . 3)  for 1 hr  at 0°C .  At the end of thi s  

t ime the extract was centri fuged i n  a ·� Serva l l 11 refrigerated centdfuge 

(10, 000 g for 20 m i n) .  The supernatant was d ia lysed aga inst 5 l i tres 

of  the same buffer, at 2°C .  

Tab l e  1 1 1 . 2 . 1 summarises the re l evant experiments carried out 

usi ng this materi a l: further. work on th i s  system is  d escribed i n  the next 

section . 

At the end of the i n cubation period 1 m l  10% tri ch l oroaceti c acid 

was added to each m ixture; the precipitated prote in  was removed by 

centri fugati .on at 2,.000 g for 1 5  m i n .  The ami noacids i n  the supernatants 

were absorbed on to 1 1 Zeokarb 2251 1  co l umns .  After washing wi th  water, 

the aminoadds were e l uted w i th 2% ammoni a  and the e l uates evaporated 

to d�ess: the d ry materia l  was redtssol ved in 1 m l  1 0% aqueous isopropanol . 
\ 

I 
Portions (50-,.d) Were separated by chromatog raphy on Whatman No.  1 paper, 

us ing the·sol vents BPW 1 :1: 1  and BEW; rad i oactive am inoocids were l ocated by  

s canning . 
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TABLE  1 1 1.2 . 1 

Assays for Subst i tu t ion Reactions  Catal ysed by  Lupi n Acetone Powders 

Am i noacid Substrate Rad i oa ctive Substrate PA LP added Extract Boi l ed 

L cystejne 5fq K 
1 4

CN Yes N o  

L cyste i ne 6�C i  Na
2 

35
s Yes N o  

L cyste i ne 11 N o  N o  

L cyste ine 11 Yes Yes 

L seri ne  11 Yes No 

L cyanoa lan i ne 11 Yes N o  

I n  a tota l  vol ume of 2 . 0  m l  phosphate buffer (0 . 1 M, p H  7 . 3 )  were m ixed 

ami noacids (5 pmo le) ,  ra�ioact ive substrate, 1 . 0 m l  fresh or boi l ed extract of 

acetone powder, and i n  some cases 0 . 2  �mo l e  pyridoxa l phosphate (PALP) . 

K
1 4

C N ,  36 . ij  mC i/m mol e; Na
2

3 5
s ,  6 . 0  mCi/m mol e .  



Stopper 
Unit 

F I GUR E 111.2. 1 

A l l  G l ass Apparatus for Supp lyi ng Radioactive  Gas 

stopper containing 
0.5 ml of o. 5 M H2S04, 
tipped· to -release HCN 
in a sealed system 

/ 

=----::: 4-- K14C N or N�35S --
s olution in 0.1M KOH 

.__ __ 824 joint 

,.__ 250 ml conical 
flask containing 
plant material 
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Resu l ts 

Lupi ns 

When l upi n p l ants were su pp l ied w i th H 
14

CN gas ,  the major l abe l l ed 

produ cts were p -cyanoa lan ine and asparag ine ,  w i th l esser amounts of label  

� lso appeari ng ln aspartate and some un ld enti f ied c,ompounds . Th i s pattern 
' : 

was observed in  p l ants 2 days and o lder, and no d i fference cou'Jd be observed 

between d ark grown p l ants and l igh t  grown p l ants . W i th younger pl ants and 

shorter time i nterva l s  the proport ion of l abe l  i n  f -cyanoal an i ne  increased. 

Quanti tat i ve data on cyanide assim i l ati1;>n is d iscuss� i n  section 111.4. I n  

the con tro l  experiment w i th autoc l aved l upin p l ants labe l  appeared i n  many 

d i fferent  ; compounds, but none in � -cyanoa lan ine ,  asparag ine ,  or aspartate . 

W hen l up i n  p lants were supp l i ed H2 35
5 gas the major l ab e l l ed product  

was a lways su l phate, which accounted for near ly  a l l of t he  l ab e l: am i noacid 

peaks were a lways at l east an order  of magni tude smal l er .  P lan ts grown i n  

the l i gh t  for 12 days o r  more i ncorporated some labe l  i nto free cyste ine  or 

cysti ne ,  whi ch cou l d  be detected as cystei c  aci d . Attempts to iden ti fy 

5-acetamidocyste ine  were i n con c l usi ve because of low act ivi ty (c . f. on ions, 

be low)� thus l upi ns probab ly  conta i n  l i tt l e  free cysteine, and the cyste�c ac id 

. ob b I d . d . I f . M 
35

5 . . 'd f d ts pr a y enve mam y rom cystme.  ost 1n ammoact s was oun 

i n  the products of d igestion w i th "Pronase", a l t hough i n  no case was i t  very 

substanti a l . Most effective i ncorporation was observed i n  12 day o ld  l igh t  

grown  p l ants . When these were cut  up ,  and the separate organs exposed to 

H2 
35

5, l abe l  was most pronounced in the am inoacids obtai ned by d igesti ng 

the inso l ub l e  porti on of the green stem and l eaf sections . 
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Thus exogenous H
2
5 supp lied to lupins appear to be more rapid ly 

oxidised to su lphate than j t  equi lb rated with any sulphide pool invol ved 1n 

aminoacid biosynthesis . 

With autoc l a ved lup in  p l ants, some labe l  was i n corporated i n to 

materia l that fai l ed to move f rom the or�gin on ch romatog raphy and e l ectrophor-

esis . A very s l ight  amount of act ivi ty was obse rved in  the pos i tion of su lphate,. 

but no activity corresponding to su lphur am i no acids was observed . 

Onions 

Onion seed l i ngs were se lected as examp l es of monocoty lodons because 

onions are known to synthesise a variety of su lphur  compounds re l a ted to cyste i -ne 

(Vi rtanen, 1 965) . Onion seed lings in corporated H 1 4
C N  into f -cyanoa l an i ne 

a nd asparagine as soon as germina tion commenced (after 24 hours): bu t, as 

w i th l upins, l abe l  from H
2 
35

5 was not in corporated i n to su lphur  amino acids 

in the fi rst two weeks of deve lopment, a l though  much labe l l ed su lphate was 

p roduced . However, o lder on ion seed l i ngs in corporated l abe l  i n to cyst(e)ine, 

( identifiab le both as cysteic acid and as S-acetamidocystei ne), occurHng b oth 

i n  the solub le  fraction and in digests of the i nso lub le  residues . The identi fic-

a tion of 5-acetam id ocysteine demonstrates that onions, in contrast to lupins, 

read i ly i n corporate exogenous su lphide in to a subs tantia l poo l of free cysteine. 

Pi.nes 

Pine seed l i ngs w ere investigated as examp l es of gymnosperms. Two week 

o ld  p i ne seed l i ngs i ncorpora ted l abe l  i nto p-cy anoal anine and asparagine, 

at  a very s low rate compared w i th lup i n  and onion seed lings. I ncorpora tion w as 

g rea ter wi th 4-week o l d  p lants, but sti l l about five times l ess than for other 
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p l ants used . Labe l  from H
2 

35
s was not detected ill materia l  identifiab l e  

a s  cysteic acid o r  as S-acetamidocysteine . However, sin ce the amount of 

l abe l l ed su l phate produced in these experiments was much l ess than that 

dete cted in the corresponding experiments with lupins and onions , it is 

possib l e  that the l ength of the experiments was not sufficient for detectab l e  

l ab e l  to accumu l ate. 

Ce l l  Free Systems 

In the experiments summarised in tab l e  11 1.2 . 1 (p. 20) ,  cysteine and 

cyanide were extensive ly conver ted to f -cyanoa lanine .  Quantitative data 

for this reaction are given in the fo l l owing section ( 1 1 1 . 3) .  A l abe l l ed product , 

id en tifi ed chromatographica l ly as cysteic acid , was dete cted when cyanid e 

was rep laced by su l phide. The radioactivi ty in this was on ly about 5% (estim-

ated from peak size on chromatogram scans )  of that in r -cyanoa l an�ne in the 

para l l e l  experiment .  Pyridoxa l phosphate did not affe ct the incorporation 

of su l phide; in para l l e l  experiments (next section) , it did not affect the incor-

poration of cyanide .  Recent ly , Hend rickson and Conn ( 1 969) - have shown 

that a partia l ly pu rified p-cyanoa lanine synthase preparation cata lyses the 

ex change of the su l phyd ry l  group of cysteine with inorgani c su l phide; thus the 

l ab e l ling of cysteic  acid is more likely to be  cata lysed by t his enzyme than 

by pyridoxa l  phosphate dependent cysteine synthase . · 

Labe l  was not incorporated into identified amino�cids in other incubation 

mixtures (tab l e  111.2 . 1) . Thus f -cyanoa l anine formation does not appear to 

be a readily reversib le  process; serine is not an effective substrate for 

f - cyanoa lanine biosynthesis in lupins ,  and a cysteine synthase �erine d ependent) 



2 5  

does not appear to b e  present. F loss et a l.  ( 1 965) found serine to serve 

as a substrate for r -cyanoa lan i ne i n  crude extracts f rom Lotus tenuis; Hend ri ckson 

and Conn ( 1 969) have conf i rmed that the seri ne is not a substrate for the puri f i ed 

l up in  enzyme (see a lso 111 . 3  and 111 . 5  here) , a l though 0-acety l seri ne is a ,Substrate . 

These last authors hav.e a l so shown there to b e  an 0-acety l seri ne depend ent 

cysteine synthase in l upi n seed l i ngs . 0-Acety l serine was not t ri ed i n  the 

work described here, as this work was compl eted before i ts ro l e  in ba cteria 

was pub l ished . 
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Crude extracts of acetone powders were prepared b y  shaking 1 gm 

powder w i th 40 m l  potassium phosphate buffer (0 . 1 M, pH 7 . 4) or tr is - HC 1 

b uffer (0 . 2M, pH 8.4) for 1 hr at 2°C. Some extracts w ere d ia lysed for 

5 hr aga i nst 5 I i tres of so l ut ion,  usi ng a rockrng d�a l yser ( Barbour and G l ed hi l l ,  

1 962) . 

f -Cyanoa lan ine synthase  was assayed by . three methods . The first was 

essentia l l y that of F l oss et a l . (1965} . To prepare in  i ncuba tion m ixture , 5 

f'Jmo l es cyste ine  and 0.2 fmo l es pyr idoxa l phosphate i n  0 . 5  m l  water were  

added to 1 m. l buffered protein sol ution. The reaction was s tarted w i th  5 fC i  

K 
1 4

CN (36. 8. m Ci/mmole) ,  i ncubated i n  stoppered tubes a t  30
°

C for 1 h r  and 

s topped w i th add i t ion of 1 ml 10% tr i ch loraceti c acid and 2 fmol es 

p -cyanoa lan ine  in 1 m l  water. The precipi tated prote i n  was removed by 

centr ifugation at  2 , 000 g for 1 5  m in, and the  amino acids i n  the supernatants 

w ere absorbed on a 1 1Zeocarb 225" resin co l umn . After wash ing wi th water , 

the am inoaci�s were e l uted with 2% aqueous ammonia and the e l uates 

evaporated to dryness i n  a rotary evaporator. The dry m ater i a l  was red isso l ved 

i n  1 m l . of 1 0% aqueous i sopropanol and 5 r l portions separated by c hromato­

graphy on Whatman No . 1 paper , uss ing· �OH CIS solven t .  The rad ioact ive 

areas on the chromatograms were located w i th the 1 1Actigraph11 chromatogram 

s canner and the areas under the peaks est i mated as a measure of enzyme 

a ct iv i ty� this method was standardised by e l u t ing one chromatogram and 

d etermin i ng the act iv i ty i n  a 11Packard 11 l i qu id scinti l l at ion spectrometer ,  using 
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the so l ut ion d escribed by Bray ( 1 960) .  

Tria l s  were carr ied out using d ifferent enzyme preparations, and  both 

phosphate and tr is buffers. 

The other two assay systems depend on the assumption that H 5- is a 

prod uct of the reaction (Du�n i l l  & Fowden,  1965, F loss et a l.,  1 965). 

In the second assay, produ ction of H
2 

35
s from L-cystei ne-

35
s was determined 

· i n  Conway m i crodiffus ion un i ts. The outer compartment con tained enzyme
. 

preparation i n  0 .  l.M potass i um phosphate buffer pH 7 . 3 , 0 . 1 m l  (5 fmol es) 

potassi�m cyanide sol ut ion , and 0.2 m l  L-cysteine -
35

s so l ut ion (made 

by mix ing 30 pmoles fresh carr ie r  L-cysteine  in 3 ml w i th 8 fmol es L-cyst ine-
35

s 

i n  0 . 8  m l  a few minutes before the start of the assays) , i n  a total vo l ume of 1 .8 m l.. 

The un i ts were sealed and in cubated at 30
°

C. The reaction was stopped by 

add i ng 1 . 0 m l  0. 1 M NaOH to each centre we l l and 200 fl l of concentrated· 

sl,J i phuric ac id to each outer compartment. The units were immed iate l y  reseo led 

and l eft overn ight for d i ffus ion to proceed to compl etion . Spurious r esu l ts 

were obtcii·ned i f  the sodi um hydroxide were put i n  pl ace before the enzyme 

reaction had been a l l owed to take p lace: these can be attri-buted to t he a l ka l i 

absorbrng the cyanide substrate, wh i ch at pH 7.3 is presen t ma in l y  os un ion ised 

HCN . Port ions (0.1 m l ) of the a l kal i from the centre w e l l s  were counted i n  · 

Bray•s ( 1 960) so i!Jtion wi th a 1 1 Packarel1 1  l iEJu id scinti l l at ion counter . The 

cysteine-
3 5

s substrate so l u ti on was a l so counted under sim i l ar condi- t ions, 

to ca l cu l ate the enzyme act ivi ty in molar units. 

The th ird and preferred method a l so depended on d eterm in i ng t he 

production of su l phide, th is  time color imetri cal l y  as methy l ene b l ue . 
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lt was sugge�ted ·  by the assay method used by Sieg e l  (1965) for su l ph i te 

reductase . 

Fresh so l u t ions of potassi um cyan ide  (50 fmol es/m l i n  0 . 05 M 

tri s-HC 1 b uffer pH 8:4), cyste ine hyd roch l oride ( 1 0  rmol es/m l in  0 . 05 M 

tr is-HC l b uffer pH 8 . 4) were made up daily.  0 . 5  m l  of the cysteine  so l ut ion ,  

a portion of t he extract bei ng assayed,  and buffer to make a vo l ume  of 

2 . 9  m l  were p l aced in a Thunberg tube  at 30°( .  Cyan l·de  so l u tion (0 . 1  m l )  

was added , the tube stoppered ,  shaken and maintained at 30°C .  A t  the end 

of the incubat ion�  a m ixtu re of 0. 5 m l  0 . 03 M FeC13 in 1 .2 M HC 1 and 

0 . 5 m l  of Q . 02 M  p-am ino-N ,  N-d imethy lan i l ine in 7.2 M HC 1 was t ipped 

i n  from the stopper. After 20 min or more the preci pitated matter was 
' 

centrifuged a t  2, 000 g for 10 m in  and the supernatants were read at  650 nm 

in  a Bausch and Lamb "Spectron ic  20 " spectrophotometer, against a b lank  

made by ca rryi ng out the  procedure wi thout protei n .  The method was 

ca l ibrated w i th sol utions of sod i um su l phide, standard ised iodometri ca l l y 

wi th  sod i um a rsen i te (Voge l , 1951), by m ixi ng these wi th  the other components 

of the assay m ixture after the i ncubation. 
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Resu l ts 

Experiments using F l oss Assay 

The F loss assay was used to investigate the substrate requ i rements 

( tab l e  1 1 1 . 3 .  1 ). No activiJy cou ld be detected with serine as substrate, though ·  

activity with cysterne os substrate corresponded to 10  nm �l e f -cyanoa l an i ne 

per h r  per mg protei n .  D ia l ysis of crude acetone powder extracts was necessary 

to remove substances that interfered with the·iso la tion of f-cyanoa l an ine . 

L ineari ty of the.assay with t ime was stud i ed ,  and the data i n  tab l e  1 1 1 .3 .2 

shows that the reaction is approximate ly l i ne.ar for about three hours. 

Tests on the stab i:l i ty of the enzyme  were carried out .  l t  was found that 

$tortng crude extracts of acetone powders in 0. 05 M phosphate buffer (pH 

7 .3) at 0°C for 24-hours,  and that freez ing and thOiving these same crude 

extracts, did not s ign ifi cant l y  d im in ish the i r  activ ity. However, extra cts 

made  up  in a cystei ne  phosphate buffer (0.,05 M phosphate 0. 025 M 

L-cysteine; pH 7 .3) lost approximate l y  two thi rds of the i r  act i .v ity i n  24 
. . 

0 hours at 0 C .  

The effects of EDTA and g l y cero l  on the stab i l ity o f  the enzyme  

were a l so determ ined .  Port ions of a crude extract from · an acetone powd er 

were m i �ed wi th equa l  vol um es of either water, O.OlM EDTA sol ution , or 

g l ycero l . These m i xtures -were then i ncubated at 30°C for 0, 2 and 5 hours 

b efore the cystei ne and cyani �e substrates were added to start the usua l  assay . I. 

The resu l ts obta ined are shown i n  tab l e  1 1 1 . 3 . 3 .  G l ycero l  proved marked l y  

i nhib i fory; the h i n t  of a possib l e  s l ight sti mu l at ion b y  EDTA is confi rmed , 

·i n  .section 1 1 1 . 5  ( tab l e  1 1 1 . 5.4) . 



TABLE 1 1 1 . 3 . 1 

Substrate Requ i rements for F loss Assay 

Substrates 

Ser ine (� mol es) 

Cystein e  (p mol es) 

Cyanide (p mol es) 

f-cyan�a lanine formed (nmol e/hr) 

TABLE  1 1 1 ..3 . 2  

L ineari ty of F l oss Assay 

I ncubation Time Area l:Jnder p-cNa la  Peak 

m i n. 
2 cm 

-

5 0. 4 

2 0  1 . 5  

60 4 . 6  

180 1 3 . 0  

3 0  

Experi ment 

5 

o. 1 3  

27 

2 

5 

o. 1 3  

0 

Area per Time 

2 . - 1  mm m 1 n  

8 

8 

8 

7 
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_TABLE  1 1 1 .3. 3 

Stab i l i ty of -Cyanoa lan ine  Synthase (pH 7 .3) 

Reagent Added T ime of Prei ncubation · Re l at ive Activ i ty 

H rs . % 

Water 0 83 

Water 2 95 

Water  5 7 1  

EDTA (0. 01 M) 0 lOO 

EDTA (0. 01 M) 2 87 

EDTA (0. 01 M) 5 79 

G lycerol 0 58 

G l ycerol 2 52 

G l yce rol  5 1 0  

Equa l  vol umes of crude extract of acetone powd er and reagent  were m ixed 

at  g iven t ime b efore assay . 
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A series of control experiments was a lso conducted in which radio-

active cyanide was incubated under the usua l experimental condition with 

'lo enzyme extract, or with a boiled enzyme extract. Though a variety of 

products were obtained with cysteine, pyridoxa l phosphate and metal ions, 

on l y  one such unidentified a rtefact appeared in the eluates of the ion exchange 

col umns, and this was separated from r-cyanoalanine in the chromatography 

step . 

Experiments Using 355-cysteine Assay and Microdiffusion 

Th d . 355 . . . od.ff . . e secon assay, usmg -cysteme 1n mrcr r usron unrts, was 

tested for l inearity with respect to the concentration of enzyme, with the 

r.esu l t  shown in figure.1 1 1 .3. 1. Boi led con trols and assays wHhout pyridoxa l 

phosphate or cyanide were a l so carried out1 with results summarised i.n 

tab I e I l l . 3 . 4 .  

The  time course of t he  reaction was examined both i� the presen ce 

and in the-absence of crude enzyme (tab l e  1 11 ;3.5) . 

A sma l l ,  but not negl igib l e, reaction takes place when cyanide 

is added to the incubation m ixture in the absence ofenzym� (tcables 1 1 1 . 3.4 

& 1 11.3. 5; figure 1 11 .3. 1 ). This appears to depend on ly  on the cyanide and 

3 5
5�cysteine, being approximate ly  the same in a l l experiments, and not 

in creastng with time. This is consistent with a-rapid re<!:lction between' 

cyanide and a radiochemlt;al impurity in the 3�5-cysteine.  

A test of enzyme stabil ity at 30°C in the presence. o{ cyanide 

was also made. Portions from the incubation�' for? hr ·a�d 1 7  hr were assayed 

for activity after the start of the incubation, a� shown in tab le  1 1 1 . 3 . 6 . 
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Cyan ide has l itt l e  effect on the stabi l i ty of the enzyme, in  contrast to 

the resu l ts obtai ned w i th cysteine, wh ich marked l y  decreases the stab i l i ty 

at the same pH (7 . 3 ). 

TABLE 1 1 1 . 3 . 4  

Controls for 355-Cystei ne Assay 

Experiment AcHvity (Tota l cpm x 1 0-3) 

Compl ete Mixture 22 . 2  

-pyridoxa l  phosphate 2 1 . 7  

-cyan ide o. 1 

Boi l ed Extract 1 . 2 

The compl ete mixture consisted of · 1 .0 m l  crude extract of acetone powder, 

5 rmol es cyanide, 2 t-Jmo l es 355-L cysteine and 0.2 pmol es pyridoxal phosphate 

in  a tota l vol ume of 2 . 0 m l  phosphate buffer . Activit ies in crude extracts 

- 1  - 1  3 5  were 70-75 nmo l es h r  m l  by th is assay, assum ing that the 5-c.ystine 

equ i l ib rated with the cysteine in the time a l lowed .  



, .. 

34. 

TABLE 1 1 1 �-3. 5 

Linearity of 35s�Cysteine Assay with 'Time 

Activity (cpm x l0-3) 

Tota l Activ ty {cpm x 1 0-3) with' 
enzyme 

Total Activity without enzyme 

Difference Between Above 

Boi l ed Enzyme 

Without Cyanide 

1 5  min 

3 . 6  

1 . 3 

2.3 

TABLE 1 1 1 . 3�6 
-

30 min 

5 . 2  

1 . 6 

3 . 6  

Stabil ity -oL -Cyan-oa l anine Synthase with  Cyanide 

60 m�ri 

1 0 . 0  

1 . 5 

8.5 

0 . 9  

0 . 2  

Activity (cpm product/hr) • 

P rotein a lone incubated 

Cyanide+ protein mcubatecl 

3 5 . 2 X 10 

3 5 .  0 X 10 

1 7  h r  Expt 

3 2 . 6  X 1 ()  

3 2 . 1 x. 1 0.· · 



TABLE I l l . 3. 7 

Stabil ity of -Cyanoal anine Synthase (pH 8 . 4) 

35 

Time Before Assay at Temp.  Activity (Absorbance x 1 03) 

(hr) 

2. 5 

5 

24 

1 70 

1 70 

1 68 

1 64 

1 66 

1 54 

Portions (0 . 2 m l )  assayed by colorimetric assay after storage at 0-.oC or 

30°C for various times. 
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Colorimetri c Assay 

The third assay used , the calorimetric assay" is the method of c hoice . 

l t  is sensitive, simple, and requires much more readil y avai lab l e  material s  

and apparatus sinqe the product (methy l ene b l ue) absorbs in  the visib l e  region 

of the spectrutn· The amou.n t of reaction with time was studied in a medium· 

buffered at pH  7. 3, with the resu l ts summarised in figure 1 1 1 . 3.2 . l t  wil l 

be seen that the reaction is l inear for at l east 30 minutes , ·and that a smal l 

"b lank" reaction olso occurs (cf 35s- c.ysteine assay); the l atter does not 

change with time. 

Figure 1 1 1 .3. 3 shows t hat enzy�e activity increases �apid ly  with 

increasing pH . This agrees ...,;ith observations by Floss et a l . ( 1 965), which 

indicate that cyanid� ion is the substrate·: the pK of HC N is 9 . 1 at 25°(, so . a 

l it t le  cyanide
_ 
ion wou ld be present at neutral pH. By using a variety of buffers,-

Hend ri ckson �nd Conn ( 1 969) confirmed the resu l ts g iven here, and extended 

the pH range to about pH 1 1 ; above pH ·9�5, enzyme activity fal l s. 

To ach ieve greater sensitivity, the l inearity with enzyme concentration 

was checked at pH 8 . 4, Figu re 1 1 1 .3.4 shows the rel ationship between enzyme 

concentrotion and activity; the response is l inear in the range used in l ater 

experime11ts . : Figur� Ill. 3 .·5 shows the time course; once more there is a 

sma l l  non-e-nzymic reaction . The enzymic reaction is l inear  for at least 

5 min .  This was the-· time interval chosen i n  further work� 

T h� time taken for maximum col ou r  development was investigated. 

After the -,e..:.amino-N, N-dimethyl ani line was added , the absorbance was 

1 92 at 10 min , 200 at 20 �in and 20 1 at 60 min . -Thus the reaction is 
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complete wi thin 10 to 20 min ,  and 30 min  was routinely a l l owed i n  experi-

men ta l  work usi-ng this assay . 

Some further tests on the .stab i l ity of the enzyme were carried out 

( tab le  1 1 1. 3 . 7) .  l t  wi l l be seen that f -cyanoalanine synthase is stab l e  

a t  p H  8 . 4, losing on ly  · 1 0% of i ts activity ·in 2 4  h rs a t  30°C� this is greater 

stdbHity than shown at pH 7 . 3  ( tab le  1 1 1 . 3.6) . Samples of the same prepar-

ation were heat.ed for 5 min in water baths at various temperatures, chil l ed in 

ice�,- cmd then 0.2 m l  portions were assayed , with the results shown i n  figure 
l . 

11 1 . 3 . 6. The stabi l ity of the enzyme decreases sharply above 50°C. 

When the cal orimetric assay was standardised with a su l phide sol u tion , 

it was found that absorbance was proportiona l to su l phide concentration , and 

that one absorbance unit was equivalent to 0 .  53 fmole su l phide. 

Extracts of acetone powders contained 2 .  5 to 3 .  5 mg/rnl protein .  

Extracts of lyophil ised plant material contai-ned 6 tO: 10 fol d  more protein� 

with corresponding l y  more enzyme activity ( c . f. section 1 1 1 .5) . · 
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F IG UR E  1 1 1 . 3 . 1 

L ineari ty of 35S-Cysteine Assay w i th Enzyme 

1 3 
PROTE I N  ( mg )  I N  INCUBAT ION M IXTURE 

Time i nterval 1 h r, pH 7 . 3 .  Assuming compl ete equil·ibration 

of 35s- cystine w i th cysteine ,  activity corresponds to 33 nmo le/hr/mg protein . 
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F IGURE 1 1 1 . 3 . 2 .  

lineari ty of Colorimetri c Assay with Time (pH 7 .3) 

A / 

Enzymic Y 
tWater blank 

Enzymic 
(Against controls) 

/ 
/ 

� Non- enzymic 
-s / ... --a--sf------.::,__--s -

? 

1 00 0 
lJJ 
� 
0::: 
0 L.L.. 

0o�--��1�5------3�o�----�45�-----6oL-� 
TIM E (min ) 

Activi ty measured at 650 nm w ith a Bausch and lomb 11 Spectron i c 2011 

spectrophotometer. Assays at pH 7 . 3  i n  tri s-HC 1 buffer .  Cyanide and cystei ne 

(5pmole each} and 1 . 3 mg protei n in  3 ml total vol ume .  
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F I G UR E  1 1 1 . 3 . 3 .  

Effect of pH on -Cyanoa lan i n e  Syn thase Act i v i ty . 

1 .0 

A 

0 .5 

A 

A 
A/ / 

o .o 
7.0 8 .0 

pH 

40 

9.0 

P rote in  ( 1 . 3  mg )  i ncubated w i th substrate for l h r .  Upper  part of curve 

b eyond l i n ear response of assay . 
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F I GURE  I l l .  3 .  4 

Relat ionsh i p  Between Co lorimetri c Assay and Enzyme Concentration 

(pH a.  4) 

I 
I 

I 

I 
I 

I 
I . 

I 

----- !?:.-

1 2 3 
PROT E I N  ( mg )  I N  I NCU BAT I ON MIXTU R E  

T ime  i nterva l 30 m i n ,  p H  8 .  4 .  I n  l ater w ork ( t ime interva l 5 m i n ) ,  

absorbance w as measu red i n  a range w here t he  response i s  l i near .  



F IG URE 1 1 1 . 3 . 5 

T ime Course of Co lorimetri c Assay (pH 8 . 4) 
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react ion 

Non-enzymi c  react ion --0----------------� 

5 

T I M E  ( min ) 

1 0  
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Enzym i c reaction data ob ta ined w i th protein (0 . 5 mg) and substrates 

i n cubated at 30°C i n  a tris-HC 1 buffered med ium (pH 8. 4) . Absorbance read 

agai nst b lank reaction (w i thout protein) for each time i n terva l . These b lanks 

read against water, are pl otted as " non-enzymi c  react ion" . 



F I G UR E  1 1 1 . 3 .  6 

Effect of H eat on -Cyanoa lan ine Synthase 
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4 . D I STR I BUT ION AND D EVELOPMENT OF TH E  CYAN iD E A SS IM ILAT I ON 

SYST EM 

Methods 

P l an t  materia l  was prepared for p-cyanoa lan ine synthase assay and 

asparag i ne assay by one of two procedu res . In  t he fi rst, i t  was r i nsed w i th 

water to remove the vermicu l i te ,  weig hed ,  d ropped i nto l iqu id n i t rogen., 

and then freeze d ri ed . The freeze d r i ed materi a l  was g round i n  a mortar 

to a homogeneous powder .  Port ions of th i s  were g round w i th the extract i ng 

so l u tion i n  a Potter homogeniser, and the suspension c l ari fi ed b y  centri fug-

ation .  

I n  the second , the verm i cu l i te was washed off w i th  water, a nd a few 

g rams wet weight  of p l ant materi a l  was homogen ised wi th 50 m l  t r i s-HC l 

buffer (0 . 05 M, pH 8 . 4) i n  an MSE h ig h  speed homogeniser for 5 m i n . 

The homogenate was strai ned through two layers of boi l ed mus l i n  and portions 

of the fi I t rate assayed . 

Asparagi ne Assay� 

Approx imate l y  10 mg port ions of the freeze d ri ed powqers were used 

for the asparagi n e  assays . Each was g round i n  a g l ass Potter homogen iser 

w i th 5 m l  g l ass d ist i l l ed water, and the suspens ion c la rifi ed by centr i fugat ion . 

Port ions ( 1  m l ) of t he  supematant from each were m ixed w i th 1 m l  of a 0 . 5  

mg per m l  so l ut ion of asparag inase (Worth i ng ton Biochem i ca l  Corporation 

ASPC) d i ssol ved in 0 . 05 M tris-HC l buffer, pH 8 . 4: the m ixtu re was incubated 

for 1 hou r at 35°(,  after wh i ch 0 .  5 m l  W% tri ch loracet i c  a cid so l u t ion was 

added . The sol u t ion was aga in  c la ri fi ed by centri fugation and the supernatant 



45 

assayed co lorimetri ca l l y for ammon ia w i th a mod if i ed Ness l er• s reagent .  

Separate b lanks for each samp le  were put throug h the same treatment 

w ithout the asparag inase step� other N ess l er chromogens were present, and. 

these absorbances were subt.racted . 

The modif ied Ness l er0 s reagent used was based on that of W i l l iams 

( 1 964) . Hg l 2 (5 .  5 gm) and 4. 1 2 5  gm Kl were d issol ved in about 2 5  m l  

g l<;�ss d isti l l ed water. 1 4 . 4  gm NaOH were d issolved in  about 40 m l  g lass 

d ist i l l ed water, and the sol ution coo l ed .  Gum Arab i c  (0 . 2  sm) was 

d issol ved i n  5 m l  hot· g l ass d i st i l l ed water, and the so l ut ion coo led . The 

gum arab i c  was added to the K2 Hg l4 sol u tion and th is so l ut ion ch i l l ed whi l e  

the co ld  sod ium hyd rox ide so l u tion was s low l y  st i rred i n .  F i na l ly  0 . 5  m l  

1 M potassium sod i um , tartrate was added and the tota l vo l ume made up  to 

1 00 m l  w i th g l ass d i st i l l ed water. This reagent was found to be stab l e  for 

some months at 2�C,  w hen kept i n  the dark . 

The co lorimetri c assay was carr i ed out by d i l u ting 0 .  5 m l  of� the 

supernatan ts w i th 5 m l  g l ass d ist i l l ed water. Ness l e r9s  reagent (0 .5 · m l ) was 

added to each, and then rapid l y  m ixed on a vortex m ixer. After 20 to 25 

m inutes ,  the absorbance at 480 nm was read i n  a 1 1 Uni cam11 ' SP 600 

spectrophotometer. A series of asparag ine and another of ammon i um ch loride 

standards were used for compari son � these gave a lmost ident ica l  standard 

curves . 
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�-Cyanoal an ine synthase Assay� 

Port ions (20 mg) of freeze-d ried powders were extracted by homo-

gen i sing them w i th 2 m l  O o 05M tris-HC l buffer, pH 8 o 4, in a g lass Potter 

homogen iser he ld i n  an i ce bath o The suspensions obta ined were centri-

fuged a t  1 0 , 000 J! for 20 min in  a refrigerated cent rifuge and the super­

natants assayed for f- cyanoalan i ne synthase acti v i ty by the colorimetri c 

procedu re described in  the preced i ng section o I n  t he a l ternat i ve method , 

crude homogenates were fi l tered th rough mus l i n ,  and 0 .  5 to 2 m l  port ions 

of the fi l t rates were assayed direct l y  by the col orimetri c procedu re .  

Changes i n  -Cyanoa l anine Synthase and Asparag ine Dur ing Deve lopment 

The fi rst procedu re used was to p lant  a batch of seeds. and sampl e 

seed l i ngs at d i fferent  ages o Prob l ems of unconsious se l ection of atypica l l y  

v igorous p lan ts,  and of preparing fresh reagents each day,  were m i n im ised 

by freeze drying i a rge sampl e:s of seed l i ngs o 

The a l ternati ve procedure was to p l ant seed l i ngs at i n terva l s  and 

assay them al l together o  Wi th sma l l  batches 1  the fai l ure of a few seed l i ngs 

to deve lop normal l y  i n troduces l arge errors in this approach : the fi rst procedure· 

is therefore preferred o 
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The distri ution of the enzyme between different p lant  organs was 

investigated. Fresh and freeze-dried organs were homogenised, and the 

fi l trates of these assayed . 

To i nvestigate the subcel l u l ar distribution of t he synthase, the 

coty l edons ,  s tems, and roots of 40 eigh t  day o l d  seed lings were separated 

and ground in a cold  pest l e  and mortar with col d  sucrose-phosphate buffer 

(0 . 4  M sucrose in 0 . 1 M potassium phosphate, pH 7 . 1 ;  1 m l  buffer per gm 

fresh weight plant materia l ) .  The homogenates were strained through boiled 

mus l in and the fil trate treated as out l ined in t he scheme: 

Pel l et 

Strained Crude Homogenate 

Centrifuged 
10 , 000 � t.20 min) 

Supernatant 

Resuspend ed, 
Centrifuged 
500 � ( 1 0  m in) 

· Centrifuged 
1 00, 000 2. (60 min) 

Supernatant Pe l et Pel let 
(discarded) 1 1 Microsomal FracHon11 

Centrifuged 
1 0 , 000 2. (20 min) 

Pel l et Supernatant  
1 1Mjtochondrial Fractjon11 (discarded) 

Supernatant 
1 1 Soluble Fraction . . 
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Al l centrifugation steps were carried out at 0°C ,  and a l l pe l l ets resuspend ed 

i n  sucrose-phosphate buffer. The 1 1 m i tochond ri a l 1 1 and 11 m i crosoma l 1 1 fraction 

pel l ets were washed w i th buffer by resuspend ing and recentrifugi ng; the washed-

pel l ets were resuspended for assay i n  2 5  m l  (m i tochondria l  fractions) or 5m l 

(m i crosoma l  fractions) of buffer .  

Portions (0 . 5  m l )  of the m i tochondria l , m i crosoma l ,  and so l ub l e  

fractions from each part of the p lant  were separate ly  assayed for 

f-cyanoa l an ine synthase activ i ty by the ca l orimetri c method described i n  

the previous section . 

Changes i n  Abi l i ty to Ass im i l ate HCN:  

Samp les of three p l ants from the batches of seed l i ngs used i n  the 

developm ent stud ies above were taken at various ages, and exposed to 

H 1 4CN i n  the apparatus i l l ustrated i n  figure 1 1 1 . 2 . 1 .  The K 14C N ,  was 

i n  some cases d i l uted w i th carrier KCN so that t he 10 JJC i  re l eased i n to the 

gas spa ce was conta i ned in  e i ther 0 . 30 f'Jmol e cyan ide or in 1 .  84 �mo le .  Two 

hours after the acid was ti pped to rel ease the cyan ide, the compl ete stopper 

un i t  was removed in  a fume cupboard and 50 ml boi l ing 80% ethanol pou red in 

to ki l l  the p l ants . These were then boi l ed b rief ly on a hotpl ate to expe l residua l 

HCN . · The p l ant materia l  and aqueous ethanol were homogenised in  an M S E  

h igh  speed homogen i ser for 5 m i n ,  then centrifuged , at 2000 � for 1 0  �in . 

The supernatant was kept and the pe l l et washed by resuspend ing , rehomo-

gen.is ing and recentrifug ing in 80-$'o ethanol and then aga in  in  water. The 

comb ined supernatants were evaporated to d ryness i n  a Buch i rotary evaporator 

at 35°C ,  and the resu l t i ng materia l  red isso lved in  5 ml 1 0% aueous isopropano l .  

Asparag ine  and fcyanaalanine were separated from 20 /'1  portions of the 



49 

resu l ti ng so l u tions by descend ing paper chromatography usi ng the sol vent 

BPW 6:4:3 . The sections of the chromatograms conta in ing the ami noacids were-

d d · d · d h 1 4c · h 
· 

· d b  1· 'd cut out as . a stan ar s t ze  s tnp an t e 1n t em counte y tqu t  . 

scinti l l at ion counting :  each paper stri p was p l aced in a v ia l  w i th 1 5  m l  0 . 4% 

PPO and 0 . 02% POPOP i n  to l uene, and this was counted i n  a Beckman l i qu id 

scinti l l at ion s pectrometer .  The  count ing effi c iency of  th i s  system is 

approximate l y  50%.  

The  identi ty of the  l abe l l ed com pounds on  the  chromatog rams was 

confi tmed by 2-dimensiona l co-chromatog raphy w i th authenti c am i no acids 

in pai rs of the so lvents l isted in tab l e  1 1 1 .  1 . 1 .  
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Deve lopment of -Cyanoalani ne Synthase and Asparag ine 
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Lupin  seeds contai n l i tt l e  or no asparag ine or t -cyanoa l an i ne 

synthase activ i ty .  During the fi rst 5 d ays after germination in  the dark ,  

f -cyanoa l an ine synthase activ i ty increases but  asparag ine is not 

accumu la ted (tab l e  1 1 1 . 4 .  1 ); but ,  as soon as the p l umu l e  starts to grow 

at about day 5, the asparag ine con tent in creases rapid l y .  This apparent 

maximum rate of aspc;nag ine b iosynthesis con incides with maximum activi ty of 

� -cyanoa lanine synthase (figure I l l  . 4 .  1 ) .  Asparagine content is maximal  

after 1 0 to 12 days ,  at wh ich time f -cyanoa lan ine synthase act iv i ty is 

dec l i n i ng rapid ly  and the dry weight of the p l ant a lso beg ins a rapid dec l i ne 

( tab l e  1 1 1 . 4 . 1 ) suggesti ve of exhaust ion of reserves� most pl ants d i ed i n  the 

fou rth week.  F igure 1 1 1 . 4 . 1 summarised the resu l ts of assays of freeze  

d ried powders prepared from 1 2  seed l i ngs of each  age .  A l so i nc l uded i s  a 

study of the devel opment of f-cyanoa lan ine synthase, carried out on 

homogenates of seed l i ngs grown under the same cond i t ions from the same 

batch of seed . 

I n  the asparag i ne assays, the Ness l er chromogens that were subtacted 

from the tota l co lour a l so varied w i th age .  Unti l the age of :S days they 

. + 
exceeded the aspa rag 1 ne content�  ca l cu l ated as 1 1,umoles N H  

4
1 1 per p lant  they 

increased from 1 9 fmole  at day 2 to a sharp peak of 1 1 9 fmol e at day 5 

and dec l i ned to 9 fmo le  at day 1 2 .  There was a sma l l i n crease after thi s  day; 

the p lants were now g ross ly  etiolated , a l though tissue death and d ecay was 

not apparent . 
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A comparison was made of the deve lopment of f-cyonoa lanine 

synthase a ctivi- ty in  I i ght and dark g rown pl ants ,  w hich were g rown from a 

d i fferent  batch of seeds from tine 1used in  the pr:eced ing experiments .  The 

resu l ts �  presented i n  figu re 1 1 1 . 4 . 2 ,  show that l ig ht grown and dark g rown 

p l ants hdve maxima l  f-cyanoa l an i ne synthase act iv i ty at the same age .  

I n  view o f  the varia tions inherent i n  the method (the al te rnative one, p .46 ) , 

the apparent ly � l ower dec l ine of t -cyanoa lan ine synthase activity in  the I ig ht 

g rown p l ants may not b e  s ign ifi can t .  i t  wi l l  b e  noted that p l ants from this seed 

source y ie lded much more enzyme acti vity, a l though the pattern of deve lopment 

i s  s im i lar .  

TABLE I I L 4 . 1 

Devel opment of Asparag i ne and -Cyanoa l an i ne i n  Etio l ated . Lupin Seed l i ngs 

Age of P l ant D ry wt .  P l ant Asparag ine f-CN a l a .  synthase 
(days) (mg/p l ant) (fmo l e/pl ant) (nmo le/min/pl ant) 

0 1 35 0 0 

1 30 38  

2 1 26 1 1 4 

3 1 1 7 1 62 

5 1 1 9 38 244 

8 1 1 8 1 85 1 62 

1 2  1 04 2 1 3  1 1 9 

1 6  87 1 52 64 

For each age, 12 seed l i ngs were freeze dri ed and extracted together. 
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Distr ibution Between P lant  Organs 

As i l l ustrated in tab le  I l l .  4 .  2, � -cyanoa l ani ne synthase activ i ty was 

found mai-n ly  in  the cotyl edons and stems; the rat io of activ i ty in  the cotyl edons 

to that in the s tems decreases du ring deve lopment, bei ng near l y  equa l  when 

the p lants are abou t two weeks o ld . Asparag i ne accumu l ates proport ional l y 

more i n  the stems .  The d i stribut ion of synthase i s  s imi lar i n  p l ants g rown i n  

the l igh t  and i n  the dark .  

Subce l l u l ar D istribu tion 

I n  a l l tissues of 8 day old et io l ated l up in  seed l ings, p -cyanoa l an i ne  

synthase act ivi ty i s  located i n_  the m i tochond ria l  fraction . This is shown i n  

tab l e  I l l .  4 . 3 .  · T he dis tribution of protein  d i ffers from that of the synthase,  

and the coty l edon m i tochond ria l  fraction has a h igh specifi c a ct iv i ty of 

f-cyanoa l an ine synthase. (over JOO nmol es/m i n/mg protei n); t hi s  is much g reater 

than any other l upi n fraction , and during the purifi cation is on ly  bettered after 

two pu rifi cat ion steps (section I l l .  5) . Hendri ckson and Conn ( 1 969) used the 

m i tochond ria l  location of p-cyanoa lanine synthase to ob tai n  a more act ive 

s tart ing materia l  than was used i n  the work descri.bed in  the next ·section . . . I 

Changes in  Abi l i ty to Ass imi l ate Gaseous HCN 

Dark g rown seed l i ngs of  d i fferent ages were suppl i ed w i th 10  fCi H 1
4

CN 

i n  0 . 30 rmoles and ' i n  1 . 84 �mo l es ,  for 2 hou rs . These p lants were samp led 

a long w i th those used to obtain the data i n  tab l e  1 1 1 . 4. 1 (p . 49) . 



TABLE 1 1 1 . 4. 2  

Distribu tion of -Cyanoa lan ine  Synthase Between P lant  Organs 
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Age P lant  Cotyl edons Stems Roots 
(days) 

A .  I n  low act iv i ty batch,  dark grown . 
Asparag jne  5 3 1  35  8 

r-Cyanoa l an ine synthase 5 237 82 42 

� -Cyanoo l anine synthase 1 6  39 40 

B .  I n  high acti vi ty batch , dark g rown . 
Wet w�ight  (gm/plant) 1 2  0 . 35 1 . 26 0 . 45 

Dry weight  (mg/pl ant) 1 2  38 65 47 

Proteiri  content · (mg/p l ant) 1 2  1 2  1 3  6 

f -C�anoa lan ine synthase 1 2  3 1 7 267 58 

c .  I n  h igh activ i ty batch , l ig ht grow n .  
Wet weigh t  (gm/plant) 1 2  0 . 47 0 . 76 0 . 58 

Dry weight  (mg/plant) 1 2  28 65 78 

p -Cyanoalanine synthase 1 2  426 276 56 

Distribut ion of f-cyanoal an ine synthase activ i ty between organs of l up in 

seed l ings der� ved from two d i fferent batches of seed . Units of t-cyanoal an i ne 

synthase, nmol es/m in/plant .  
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TABLE  1 1 1 .. .4.3 

Subce l l u lar Distribution of -Cyanoalanine Synthase 

A .  Synthase ACtivity ( nmol es/min/p lant) Mitochondria l Microsoma l Sol ub l e-

Coty l edons 69 0 

Stems 22 3 

Roots 6 0 

B. Protei n, .C(>ntent (mg/ p i  ant) 

Coty l edons 0 . 2 o . o  1 7 . 6  

Stems 0 . 3  0 . 2  2 . 2  

Roots 0 . 3  o .  1 1 . 0 

TABLE  11 1 . 4.4 

Effect of Changing HCN Concentration on the Assimi l ation of H 1 4CN 

HCN l eve l 

<rmole) 

0 . 30 

0 . 77 

1 . 84 

1 5. 4 

1 56. 

1/HCN l evel 

- 1  �mol e ) 

3 . 33 

1 . 30 

0 . 54 

0.07 

0.0 1  

Act o  As11 + �-CNala 

(cpm) 

8920 

7520 

6080 

1030 

1 40 

% l ncorp . 1/HCN Assim i loted 

% - ]  (pmo le  · )  
I 

20 16.6 

1 8  7 . 7 

1 4  4 . 0  

2 2 . 8  

0.2 2 . 0  

Eight  day seed l ings supplied 1 0  rCi H 14cN in total HCN in col umn 1 .  

I n  col umn 3 is activity in aminoacid produ cts after 2 hr, determined in 1/250 

total extra ct. 
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The percentage incorporation into asparag i ne and f -cyanoa lan ine is shown  i n  

.
. 

f igu re 1 1 1 . 4 . 3 .  l t  w i l l  b e  seen that max imal  ab i l i ty to assim i l ate HCN develops 

after 3 to 4 days , before s ign ifi cant asparag ine accumu l ation has taken pl ace 

and before max imum f -cyanoa lan ine synthase activity devel oped (figure 

1 1 1 . 4 . 1 ,  � ·  49) . When 0 . 30 ymol e HCN is suppl i ed ,  the proportion of l ooel 

appearing i n  r-cydnoa lan ine  decreases from 2 1 %  �t 3 days to 10% at  5 days, 

subsequent l y  increasing s l ig ht l y .  Thus when f -cyanoa l an i ne synthase act iv i ty 

is maxima l , the sma l l est proport ion of l abe l  from admi nistered H 1 4CN appears 

i n  t-cyanoa l an ine . Thus r-cyanoa l an i ne hydratase act iv i ty is not rate 

I im it ing and may increase at about this stage i n  deve lopmen t .  

Eigh't day o l d  seed l i ngs from the same batch were i nvestigated w i th ' 

a w ider range of cyanide l eve l s .  The resu l ts obtained a re  summarised in  tab l e  

1 1 1 . 4 . 4 . As a l l samples were supp l i ed w i th HCN for the same l ength of t ime, 

the mass of HCN assim i l ated by the f -cyanoa lan ine pathway ( ca l cu l ated from 

the acti v i ty observed i n  asparag ine and f-cyanoal anine) is a measure of t�e 

rate of assim i l aHon , prov ided this remains approx imate l y  constant over the 

two hour t ime in terva l . l t  w i l l  be seen from tab l e  1 1 1 . 4 . 4 that at low HCN 

l evels,  the percentage i ncorporation tends to an approx imate l y  constant 

val ue of abou t  20%, i . e .  total cyanide ass imi l ation is proport ional to cyan ide 

l eve l . Un l ess there is fu rther metabol ism of asparag ine to aspartate, and thence 
' ' 

to th� TCA cyc l e, dep let ion of substrate did not i ntroduce a l a rge  error i nto these 
' ' 

measures of average rates : A l ternative pathways of cyan ide assim i l at ion are . 

prob ab l y  ins ign i fi cant (section 1 1 1 . 2; f igu re. 1 1 1 . 4 . 5) ,  and l i tt l e  aspartate was 

l abe l l ed i n  these experiments . 
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The. data i n  figu r:e HJ . 4. 4 was a l so pl otted in  the manner of Line-

weaver and Bl.lrke� the resu l t  is figure 1 1 1 . 4 . 4 . The system appears to conform 

to Mi chae l i s  kinetics, and the apparent m(J)(imum vel oc i ty is about 0 .  5 fmo les 

HCN assim i l ated b>: th r-ee p l ants i n  two hours . This incorporat ion is l ess than 

' 1 %  of an- in tegration of f -cyanoa l an i ne synthase act iv i ty over the two hou r 

period ( tab l e  1 1 1 : 4 .- 1 ) .  

A l tough on ly  a very approx imate estimate, this d i fference of more 

than two magnHudes g i ves substance to the be l i ef that t-cyanoa l an i ne 

synthase i s  not rate l im i t ing tn  cyanide assim i l at i�n . The rate l imit ing step 

may be  one i nvol ved in absorpti on and transport of HCN to the m i tochondr ia l  

s i te of conversion to asparag i ne .  As the data of figure I l l .  4 . 5 shows, HCN 

i ncorporation in to p-cyanoa lan ine and asparag ine varies w i th age of  p l ants, 

but reaches maximum acti vity earl ier  than the synth?se . 

Pre l im i �ary experiments were carried out w i th seed l i ngs g rown from the 

batch of seeds used to obtain the data in fig ure 1 1 1 . 4 . 2 .  As this data !lhows , 

these d eve lop high fcyanoa l an ine  synthase activ i ty .  They were supp l i ed 

H 
1 4

c N  for on ly  0 .  5 hours .  I n  this work, i n  contrast to that described before , 

up  to 1 6% of the acti v i ty appeared in  aspartate . No consistent d i fferences 

were observed between l ig ht grown and dark g rown p lants .  Detached coty l edons, 

stems, and roots of 12 day old seed l i�gs were i n cubated w i th H 
1 4

C N ,  and it was 

found ( figure 1 1 1 . 4 .  5) that roots were the most effective in  cyanide assim i lat ion, 

accovnti ng for 44% of the assim i l ation in dark g rown plants and 57% i n  l igh t  
' 

g rown p l dnts; this contrasts w i th 10% and 7%1 respecti,ve ly  1 of the synthase . 

act ivi ty i n  these organs (tab l e  1 1 1 . 4 . 2) .  These differences suggest that the 
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rate of cyanide assim i l at ion may be re lated to su rface a rea, and are 

consi stent w i th the hypothesis that the rate l im i t i ng step is cyanide absorption 

and not conversion to f-cyanoa l an i ne .  

T he  appearance of l abe l  i n  aspartate suggests that there cou l d  be  a 

sig n i fi cant f l ux of 1 4c from cyanide throug h the C-4 of aspartate to ca rbon 

d i oxi de .  A l though i t  seems u n l i ke l y  that this cou ld be la rge enoug h to 

i nva l idate the tentati ve interpretati on proposed here , the possib i l i ty shou l d  

not b e  d i scounted . 



F I G UR E  1 1 1 . 4 . 1 

Development of Asparagi ne  and -Cyanoa lan i ne Synthase Activ i ty i n  

Lupi n Seed l i ngs 
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F IGUR E  I l l .  4. 2 . 

-Cyanoa lan ine  Synthase in  Light a nd Dark G rown Seed l i ngs 
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J -Cyanoa l an i ne  synthase acti v i ty determ i ned i n  homogenates of 

l ight  g rown and dark g rown seed l i ngs from the same batch of seed . 
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Cyanide Assimilation 
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F IGURE U l . 4. 4 .  

Lineweaver-Burke T reatment of HCN Assimi l ation Data 
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F IGURE Ill. 4.  5 

Chromatograms of Cyanide Assim i lation Products 

IN  LIGHT GROWN PLANTS 
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IN DARK GROWN PLANTS 
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each case detached organs from 4 p lants we r e  supp l i ed ,  20 !JCi 1 4c i n  0 .  54 
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5 .  PART IAL PUR I F ICAT I ON OF CYANOALANI N E  SYN T HASE 

Some experiments were carried out  on  the  puri fi cation of  p -cyanoa l an ine 

synthase from pcetone powde rs and from freeze d ri ed powders (prepared as  d es--· 

crlbed i n  sect ion I l l .  1 )  of l up in  seed l i ngs . Freeze dded powders proved the more 

conven i en t  sou rce . 

As drscribed i n  the preced i ng sect ion, the act iv i ty of synthase that 

cou ld be extracted from these powders vari ed w i th age and wi th  d i ffe rent  

batches of l u pi n seed . Because hig h act iv i ty seed became unavai l ab l e, and 

because it was known that Hend ri ckson had begun a s im i l ar pu rifi cat ion pro-

g ramme ( Hend ri ckson and Conn ,  1 969) , the work was not pu rsued far .  

The pu ri fi cation procedu res i nvestigated i n c l ude acetone prec ip i tat i on , 

ammon i um su l phate preci p i tation, and ge l  fi l t ration chromatography . These 

were carr ied out at 2° -3°C except where otherwi se stated . Centri fugation 

ste
�
ps were carri ed out i n  a "  Serva l ! "  refrigerated centri.flJge .  

Some of the substrate and cofactor requ i rements were exam ined i n. more 

deta i l  than described i n  sect ion 1 1 1 . 3 , us ing part l y  purified syn thase . The resu l ts 

of this work a re described at the end of th i s  secti on . 

( i )  Acetone Fracti onation 

Methods 

Extracts of acetone powders were prepared by shaking 1 gm powder 

w i th 50 ml tri s-HC 1  buffer (0 . 1 M, pH 8 . 4) at 0°C .  The extract was then 

c lar ified by  centri fugation for 20 m in at 1 0 , 000 rpm . In the fi rst th ree tria ls  

10 or 20 ml  of  such an extract was taken i n  a 50 ml centrifug� tube ,  w h i ch 

was then immersed i n  an acetone-i ce mixture at  - 15 to -20°C .  Appropriate 



F I G URE  1 1 1 . 5 . 1 

Acetone F ractionati on Apparatus 
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' 0 vol umes of acetone at - 1 5 C were added d rop-wi se from a g raduated 

p ipette wh i l e  the m ix ture was ag i tated by hand . After each add i t ion of 

acetone the m ixtu re was stood for 5 m i n  at - 1 5°( before be i ng centr ifuged 

at 1 5, 000 rprn for 4 m i nu tes' at - 1 5°( .  The preci p i tates were d ra ined at 

- 1 5°( and red i sso l ved in tris-H C l  b uffe r (0 . 05 M, pH 8 . 4); portions of the 

fractions so obta ined were assayed by the col orimetri c assay described in  

section I l l  3 .  I n  the th i rd tri a l  the fract ions were a l l fl ushed w i th a stream 

of n i trogen to rapi d l y  remove the a cetone . 

The fourth tri a l  was an a ttempt to carry ou t acetone fract ionation 

on a preparat ive sca l e .  F igure m .  5 .  1 i s  a d i ag ram of the apparatus empl oyed . -

Resu l ts · 

The resu l ts of the fi rst th ree experiments are summarised i n  tab l e  

I l l .  5. 1 . This shows that the optimum fraction was found to be  the 55% to 

67% acetone fract ion . The recove ry of prote i n  between 0 and 75% 

acetone was better than · 80%, and enzyme recoveri es of better than 40% 

were ach ieved . 

I n  the fi rst tria l , 1 5% of the i n i t i a l  act i v i ty was recorded in  tf,e 

most act ive fraction :�60-57%), w i th a purifi cat ion of more than 2 fo ld ;  and 1 n  

the second tri a l , tak ing a sma l l er fraction (60 - 64%) a l 7% recovery of i n i ti a l  

acti v i ty  was obtai n ed ,  w i th a purif i cation of 4 . 6  fo l d .  When on l y  two fract ions 
' ' 

were token (0-55% acetone and 55-67% acetone} , and the prec ip i tates f l ushed 

w i th n i trogen to rapid l y  remove acetone,  43% of the in i t ia l octi v \ ty was recorded 

i n  the second fract ion , w i th a purifi ca t ion factor of 4 . 8 . However, when an 

attempt was made to sca l e  this up 20-fold (us ing the apparatus shown in  fig ure 



66 

TABLE  l i l a 5 . 1 

Acetone F roctionati on Experiments 

Acetone F raction Protein in F raction Act i v i ty in F raction Speci fi c Act i v .  

% nmo l e  m i n  - 1  - 1  - 1  mg nmol e m i n  mg 

(e) Crude Ext ract 26 790 30 

0 - 5  0 . 6  1 5  24 
5-. 1 3  0 . 8 1 2  1 6  

1 3 -23 0 . 8 8 1 0  
23 -3 1 2 . 5 1 0  4 

3 1 -37 2 . 5 7 3 

37-47 4 . 3 8 2 
47- 55 5 . 3 1 5  3 

55-60 2 . 7 3 ]  1 2  

60-67 1 . 8  1 1 6 64 
67,..75 1 . 7  5 3 

(b) Crude Extract 27 896 33 

0 - 50 1 8  1 43 8 

50-55 1 . 0 1 8  1 8  

55-60 0 . 4  37 92 

60-64 1 . 0 1 5 1 1 5 1 

64-75 L 4  69 50 

( c) Crude Ext ract 62 1 760 28 

0 - 55 32 3 72 1 2  

55-67 5. 6 753 1 34 

Th ree exper iments i n  acetone froct ionot ion of f -cyonoo lon i ne synthase; 

(o) ,  (b) a nd ( c) above ore the i n i ti a l  crude ext racts, and the fig ures be l ow each 

s how the act iv i ty  i n  acetone fractions of  each . 
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Il l . � · 1 ) , t,he recovery of activ i ty dropPed to 1 7%, with a purif i cation of 

4 . 6 fo ld . · 

( i i )  Ammon i um Su l phate F ractionation 

Methods 

Extracts of acetone powders were prepared by extract ing 50 gm 

powder w i th 2 l i tres tris-HC 1 bu ffer (0 . lM, pH 8 . 4) by sti rri ng for an hou r 

i n  a po lythene b ucket at 2°( .  After centri fugation at 1 2 , 000 rpm for 1 0  m in ,  

the supernatant was d ia lysed overnight agai nst 1 0  l i tres d ist i  l i ed water. The 

d i a l ysed extract was frozen in a d ry i ce-al cohol bath, and then freeze d ried . 

The product was red issol ved i n  water, usi ng one tenth of the i n i t ia l  vol ume,  

and ,c! i b l ysed aga i nst 5 l i tres tri s -HCl  buffer (0 . 05 M, pH 8 . 4) .  

F reeze'.d ri ed powders (200 gm) were prepared by a s im i l ar method wi th 

2 l i t res buffer� th i s  ratio cou ld not be achieved w i th acetone powders because of 

a tend-ency to form a ge l . The protei n concentration in  extracts of freeze d ried 

powders was h igher than i n  those obtai ned from acetone powders�  specif i c 

activ i t i es were a l so 1 .  5 to 2 t imes g reater than found in  extracts of acetone 

powders that had been concentrated by l yophi l i sat ion . 

A saturated so l u tion of ammon i um s u l phate (pH ad justed to S. 4 with 

ammon i a) was added dropwise to portions of the extract .  After 1 5  m in the 

suspensi on was centri fuged at 1 2000 rpm for 1 0  m i n . The prec ip i tates were 

red isso lved i n  tris-HC l buffer (0 . 05 M, pH 8. 4) and port ions assayed for 

f -cyanoa lanine synthase adi vi ty .  
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Resu  I ts 

I n i tia l  experim ents wi th ammoni um su l phate fractionation were carrj.:ed 

out on a low speci fi c a ct iv i ty crude ext ract (8 nmo le/mi n/mg protein) that -had 

been extracted from acetone powder by 0 .  lM tri s ,  instead of tris buffer as usual . 

Tab l e  I l l .  5. 2 summarises the f i rs t  two experiments ,  and a l so shows typi cal res u l ts 

from the later sca l ed-up preparative experiments; the last case shown I l l ustrates 

the preparation. of ammon i um su l phate fractionated materia l  for further  pur if ica tion 

(see be la-.4) . 

l t  wi l l  be seen from tab l e  i l l .  5 . 2  that enzyme acti v i ty precipi tated main l y  

between 47% and 60% saturation wi th ammon ium s u l phate, wi th 70% o f  the 

in i t ia l  activi ty being recorded in this range and w i th a purifi cation factor of 

better than 1 0  for the l ow specifi c activity crude extract .  The crude extracts 

w i th the more - typi cal speci f i c  activ i ty of 26 nmo le/min/mg prote i n ,  were 

puri fied 5 .  7 fold . 

Tab l e  m .  5 . 3 shows the res u l ts of a fractionation carried out on an 

extract of a freeze dr!ed powder. A l though the 45% to .60% saturated fraction 

has a s im i l ar specifi c a ct ivi ty to that obtained from extracts of acetone powders ,  

the  purifi cat ion factor · ls l ess becaus.e of  the  higher i n i t ia l  spec i fi c gct+vi-ty_� 

( i H) Ge l  F i l tration 

· Methods 

1 1  Sephadex G 2001 1  was swe l l ed in tris-HC 1 b uffer (0 . 02 Mr pH 8 . 4) 

and packed i n to col umns of various d imensions , the bottoms of wh ich were 

supported by s intered pol ystyrene d i scs .  The ge l  was then washed wi-th tris­

H C l  buffer (0 . 0 1  M, pH 8 �'4) . The enzyme  preparations used had a l ready 

been part� a l l y  puri fi�d by ammon i um su l phate fractionation , and conta ined 20 



69 

to 40 mg per ml prote i n  i n  O . Q5 M or  more concentrated tr is-HC l b uffer . The 

preparat ion was layered on to the su rface of the g e l  throug h a capi l l a ry ,  form i ng 

a l ayer  be low 0 . 0 1 M tr is-HC l  buffer (pH 8 . 4) . T he prote i n  was e l u ted w i th 

0 . 0 1 M tr is-HCl  bu ffer, col l ect ing fractions w i th LKB apparatus.  

The fract ions  col l ected were assayed for f -cyanoa l an i ne synthase act i vi ty ,  

and the most act ive fract ions poo l ed .  These were then frozen i n  a d ry i ce-

a l cohol bath, and freeze dri ed .  T he residues w ere red issol ved in  water. 

F urther pu ri fi cation was ach i eved if t h is materi a l  was appl i ed aga i n  to a sma l l er 

" Sephadex " col umn . 

Resu l ts 

The fi rsHri a l  of ge l  fi l trat i on W(lS carri ed out on the mater ia l  obtain ed i n  

the " 1 s t  sca l ed up experiment" l is ted i n  tab l e  I l l .  5 . 2 ,  a 47% to ..60% ammonium 

su l phate fract ion of a n  acetone powder ext ract , The fractions ob tained varied 

i n  vol ume from about 5 m l  tc 1 0  m l  , as they were co l l e cted for constant 

tim e .  Each was assayed for protei n  content and enzyme act i v i t y .  F igu re 1 1 1 . 5 . 2  

i s  a g raph i ca l  repres�n tat ion of the res u l ts .  · In this experimen t ,  the purifi cat ion 

was 1 .  95 fold and the y i e ld i n  fract ions 4 and 5 estimated to be  l ess t han 25%. 

l t  w i l l  b e  seen that the peak of syn thase act ivi ty occurs s l ig h t l y  after the ma in  

protei n  peak,  and we l l before t he  second prote i n  peak . Th i s  sepa rat ion was 

improved i n  subsequent experiments in wh i ch protein concentration was 

mon i tored w i th an L KB " Uv icord " a nd recorder .  



TABLE I l l . 5 . 2 

I nitial Experiments with Ammonium 

First experiment: 

Crude Extract 
0-33 

33-50 
50-67 
67-80 

Second Experiment: 

Crude Extract 
0-33 

33-41  
4 1 -47 
47-55 
55-60 
60-67 

1 st Sca led up Experiment: 

Crude Ex tract 
47-60 

2nd Scaled up Experiment: 

Crude Extract 
45-60 

Su l phate Fractionation 

230 
38  
28  
1 8  
9 

230 
36 
1 8  
9 

1 0  
7 

1 1  

1 80 
82 

750 
39 

Activity in Free. 

- 1  nmo le  min 

1 846 
1 1 0 
695 

1 062 
1 7  

1 846 
68 

1 36 
1 86 
665 
650 
140 

1 3 ,  1 00 
6900 

1 9500 
5760 

70 

Specific Activity 

. - 1  - 1 nmo l e  mm mg 

8 
3 

25 
59 

2 

8 
2 
8 

2 1  
67 
93 
1 3  

7 
84 

26 
1 48 

" Crude extracts" are extracts of acetone powders that had been concentrated 
by lyophi lisation . 
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TABLE 1 1 1 . 5. 3  

Ammonium Su lphate Fractionation of Extract of Freeze Dried Powder.  

(NH4)2SO 4Frac. Protein  in Frac.  Activity i n  Frac . Specifi c  Act iv i ty 

% mg nmole/min  nmole/min/mg 

Original Extract 1 40 7000 50 
0-29 42 300 7 

29-37 1 2  230 1 9  
37-46 1 1  540 49 
46-52 1 0  1 350 135 
52-6 1 1 5  2660 1 77 
6 1 -71 24 420 1 7  
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Comp l ete records of recoveri es at each  step were not kept for these 

p re l im i nary experiments on further purifi cation . The hig hest spec i fi c  acti v i ty 

materi a l  obta i ned had a specifi c  act iv i ty of 6400 nmo le/m in/mg prote i n ,  

w h i  eh was a 2 50  fo ld  increase on that of the crude extract used; th is purifi cat ion 

i nvo lved ammon i um su l phate fractionation and two cycl es through 11 Sephad ex G2001 1  

col umns . When th is  materi a l  was exam ined b y  d isc e l ectrophoresis i n  a pol yacry l -

am ide ge l  i t  was found to st i l l  contain a t  l east five d ist i n ct prote i n  components � 

Using a sim i l ar assay,  Hend ri ckson and Conn ( 1 969) puri f ied t-cyanoa l an ine  

synthase from l u pin m i tochod r i a ,  and ob ta ined , after preparative ge l  e l ect rophoresi s ,  

a preparat ion w i th a speci fi c  act iv i ty of 33 , 800 nmo l e/m in/mg prote i n .  The ecnl ier  

s teps in  the i r  puri fi cat ion procedu re i nvol ved ammon i um su l phate prec ip i tat ion, 

acetone preci pi tation, and chromatography on 1 1 Sephadex G 1 001 1 ; the acetone 

prec ipi tat ion yie l ds were improved over those described here by add i ng the 

0 ace tone at -65 C .  

Puri fi cat ion w i th D EA E ce l l u l ose and CM ce l l u l ose was a l so attempted , 

b ut a reprod u cib l e  b i nd ing of the b u l k  of the enzyme to the ion ex chonge materio l  

was not ob ta i ned . Some prote in  cou l d  be removed from part l y  pu r if i ed preparatio ns 

by  passi ng thr,ough a D EA E  cel l u lose col umn,  under such cond i t ions t hat 

f -cyanoa lan ine synthase passes through unaffected; th is  was not used in  the 

work described here . 
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F IG UR E  1 1 1 . 5 . 2  

Chromatog raphy of -Cyanoalanine Synthase on 11 Sephadex G20011 
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( i v) Cofactors and Substra tes 

Methods 
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The 250-fold purified f -cyanoa lan ine synthase preparation was used 

for further exam- ination of cofactor requ i rements and of substrate specifi city . 

The substrates , cofactors , and possib l e  inh ib i tors l i'sted in  tab l e  1 1 1 . 5 . 4  

were added i n  so lu t ion i n  tri s-HC l  buffer (0 . 05M, pH 8 . 4) ,  rep laci ng normal  

substrate or b uffer i n  the usua l ca lorimetr ic assay . 

Resu I ts 

The resu l ts obtai ned are summarised in  tab .l e  1 1 1 .  5 . 4 .  As wi'th the crude 

enzyme prepa rat ion studi ed i n  section 1 1 1 . 3 . ,  no evidence was ob tai ned for 

a requ i rement  of pyridoxal  phosphate ( 1 1 PALP11 ) . The s l ig ht st imu l ation observed 

on add ing this i s  para l l ed by add ing EDTA , and thus can be exp la i ned by 

the remova l of i nh ib i tory trace metal s .  I soniaz id ,  s imi l arl y ,  has on l y  a 

s i  ight effect , as wou ld be  expected s ince the enzyme is not pyridoxa l  phosphate 

dependent . Hendri ckson and Conn ( 1 9691 a l so fa i l ed to demonstrate a pyridoxal  

phosphate dependence of f - cyanoa lan ine  synthase,  al though they suggested 

that an absorbance at 405 nm , whi ch seemed to be  associated w i th  the 

enzyme,  cou ld be  due to bound pyridoxa l phosphate . The re l ative i nstab i l i ty 

of the enzym e i n  the presence of cyste ine  ( 1 1 1 . 3 ,  above) supports th is  v iew ,  

and further evidence addu ced by Hend ri ckson and Conn ( 1 969) is the sensi t i vi ty 

of enzyme act iv i ty to i nh ib i t ion by borohyd ride .  

G l utathione proved to be neither an effective inh ib i tor nor an  effective 

substrate for p-cyanoa lan ine synthase . The resu l ts show that i t  does not s ign i fi ­

cant ly  compl ete with cystei ne  when both are supp l i ed i n  equ imolar  concentrat ions . 
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Seri ne does not sup p ress su l phide p roduction, and thus is not an 

effecti ve substrQte for the synthase, confirming the resu l ts w i th  c rud e 

p repara t i ons (section 1 1 1 . 3 ) .  Hend ri ckson and Con n showed that, whi l e  

seri ne i s  not a subst rate, 0-acety l se rine is, a l though the rate i n  th is  case 

is on l y  5 . 4% of tha t  w i th cystei ne. 

Formamid e is not an effect ive substra te, so the rea ction 

+ 

does not take p l ace to a sig nif i ca n t  exten t .  

I H2- g- N H2 
tH  + H S H  
-t/\ -

H 3 N' COO 



TABLE I l l .  5. 4 

Substrates and Cofactors for -Cyanoal an ine Synthase 
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Substrates Addi tive Activi ty (nmole/min) 

cyanide , cysteine 
cyanide , cysteine 
cyanide , cysteine 
cyanide , cysteine 
cyanide , cystei ne 
cyanide , cysteine 
cyanide , g lutathione 
formamide, cystei ne 

PALP (0 . 3  Jlmole) 
isoniazid ( 1 }Jmo le) 
serine ( 5 pmole) 
g l u tathione ( 5 pmo le) 
ED TA ( 2 pmol e) 

4 1  
44 
49 
42 
39 
49 

2 
0 

The effect of a l teri ng substrates and adding various substances to the 
calorimetri c assay for fcyanool anine synthase. 5 }'moles of oi l substrates 
added . 
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6 .  ASPARTATE ;  FUMARAT E & G LYCtN E AS ASPARAGI N E  PRECUR SORS� 

Methods 

F umari c acid 1 , 4 ( 1 4q ,  specifi c activ i ty 1 2 . 0  mCi  per mmol e ,  and 

g lycine 2 ( 1 4q ,  specifi c act ivi ty 2 1 . 8  mCi per mmol e ,  were obtained from 

the Rad iochemi col  Centre; L aspqrt i c acid 4( 1 4q,  spec i f ic  activi ty 1 9 . 5  mCi 

per mmole ,  was obtained from Calb iochem , Los Ange les ,  U. S . A .  

Dark grown seed l i ngs '(5 days o ld)  had the i r  roots cut off w-i th a razor 

b l ad e, and each shoot was a l lowed to take up through the severed hypocoty l 

50 r t  of a so l u t ion conta in i ng 5 f-Ci  of one of the rad ioact ive substrates . For 

each substrate dup f i cote experiments were carried out for each of the t ime  

i n terva l s  0 . 1 h r ,  0 . 3  h r ,  1 . 0 h r ,  and 3 . 0  h r .  

A t  the end of the experiment ,  the p l a n t  materia l  was ki l l ed by d ropping 

it i n to boi l i ng 80% ethanol and boi l i ng b ri ef ly . · lt was kept at 2°C for- 2 to 4 

days , and then the e�queous ethanol decanted off. The p lan t  materi a l  was t rans­

ferred to a mot0r d riven Potter homQgeniser; about 5 m l  of 80% ethanol was 

added and the materi a l  homogenised to an even consis-ten cy .  This was t hen 

centri fuged and the supernatant added to the decanted �ueous ethanol . T he 

pe l l et was rehomogen ised w i th  80% ethanol , recentri fuged , and the super­

natant was C!ldded to the rest of the ext racted sol ut ion . 

The pe l l et was further extracted twi ce w i th d i st i l f ed woter. The c<>rlibi ned 

supematants were evaporated to d ryness at 35°C i n  a Buch i  rc:ttery evaporator; 

the fi na l  pe l l e t  was kept for d igest ion w i th  " Pronase" . T he sol ub l e  extracted 

materi a l  after evaporation was red i ssol ved i n  1 m l  1 0% aqueous isopropano l ,  

and 200 � I  port i ons were separated by h ig h  vol tage e l ectrophores is . The rad io-



78 

active areas on the e l ectropherograms were l ocated by autorad iography and the 

neutra l am ino ac ids and aspartate areas e l uted . These were then separated by 

chromatography on Whatman 3MM paper, us i ng PropW as solvent system . The 

rad ioact ivity was aga in  located by autoradlogi"Ciphy and the bands correspond ing 

to aspartate and asparag ine e l u ted . 

The i nso l ub l e  pe l l ets were d igested w i th " P ronase" , as described in  

section 1 1 1 . 2 .  About 1 m l  ethanol was added to the  digest ,  and the  suspens ion 

cen triluged . The  supernatant was co l l ected and the pel l et resuspended i n  50% 

ethano l ,  and then recentrifuged . The comb i ned supernatants were evaporated 

to d ryness in a vacuum desict:ator over concentrated su l phuri c acid . The dry 

rn'ateria l was red isso lved in 200 � I  of pyrid ine  acetate buffer pH 5 . 3  and 

separated by e l ectrophoresis and chromatog raphy as described above . 

The rad ioactivity in  the orig ina l  extracts , and in  the isolated asparag ine 

and aspartate samp les from each , was determ ined by l iquid sci nt i l l ation count ing . 

Port ions (50 � I) were app l i ed to 2 cm x 6 cm rectang les of Whatman No 1 paper 

and then dr ied and p laced in a via l w i th 1 5  m l  of 0 . 4% PPO and 0 . 02% POPOP 

in  su l phur free to l uene . This was then counted i n  a Beckman l i quid scint i l l ation 

spectrometer w i th  a count ing eff ic i ency of about 50%. 

Suffi c ien t asparag i ne and aspartate for the determination of the 

d istribution of label  were iso lated s imi lar ly b ut usi ng a larg er sca l e; Whatman 

3MM paper was used for the chromatography ,  f irst with BPW 6g4g3 as sol vent 

system , fo l lowed by PropW. The isolated am i no-acid fractions were e l uted and 

stored frozen in  1 . 0 or 0 . 5  m l  d ist i l l ed water • .  
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The d istribution of labe l  in the isolated aspartate and asparag ine was 

determ ined by a mod i fi cat ion of the d ecarboxy l at ion procedure of Chappe l l e  

and Luck ( 1 957) , This  was carr ied out on aspartate, asparag ine,  and on aspara­

g ine  sampl es that had been hydro l ysed to aspartate at 120°C,  w i th equal vo l um es 

of concentrated hyd roch lori c ac id i n  sea led tubes .  I n  this procedure both C l  

and C4 of aspartate are removed as C02, but on ly  C l  of asparag ine .  F rom 

the d i fference between hydro l ysed and unhydro l ysed asparag ine samp l es,  the 

labe l  i n  C4 was est imated . 

After trial experiments (see be low) the procedures adopted were as 

fo l l ows .  

I nto the ma i n  compartment of a two-arm ed Warburg flask was pipetted 

3 . 0  m l  10% succ in im ide in sod i um acetate buffer pH 4. 7, and the samp le  

(50 r l to 250 rl ) . Tetramethylammoni um hydrox ide (0 . 1 m l  25%, approx . 

2 . 7  M) or sod ium hyd rox ide (O . 1 m l  5M) was p l aced in the centre we l l .  I nto 

one s ide arm was pi petted 0 . 5  m l  1 0% K l , and i nto the other 0 . 5  m l  decarboxy-

lotion reagent . The l a tter was made by g rind i ng N-bromosucci nimide in  a 

pest l e  and mortar w i th 10% succi n im ide i n  sod i um acetate buffer8 pH 4 .  7u 

unti l a th in  paste was obta ined . 

The f lasks w ere shaken i n  a water bath at 30°C,  and the react ion 

a l lowed to proceed for three hours after the decarboxylat ion reagent had 

been t i pped i n  from the side arm . 

The activ i ty i n  the carbon d ioxide co l l e cted in  the centre we l l  was 

counted wi th a 1 1 Packard 11 l iquid sci nt i l lat ion spectrometer equipped wi th  

automati c  externa l  standard isation . When the carbon d iox ide was co l l e cted 
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i n  tetramethylammonium hyd rox idev  the ent i re contents of the centre we l l 

were transferred to a scinti l l at ion via l . When sod i um hydroxide was used , 

this was first d i l uted to 5 m l  i n  a vo l umetric f lask, and 0 , 2  m l  to 0 , 5  m l  

port ions of this counted . The preferred scint i l l ation sol vent was a modif ica tion 

of that of Jeffay & Alvarez ( 1 96 1 ) . One l i tre conta ined 550 m l  su l phur free 

to l uene ,  350 m l  red isti l i ed 2 -methoxyethano l ,  55 m l  ethano lam i ne, 50 m l  11 Tr i ton 

x 1 00 11 and 6 gm PPO. 

The tria l expel!"iments that l ed to the adopt ion of this method were 

carried out on samp les of uniform l y  labe l l ed ( 1 4q - l ys i ne and ( 1 4q - ser ine., 

to wh ich  carrier am ino acid had been added , 

Paper chromatograms were run of Sllmpl es of each am ino ac id sol ut ion, 

usi ng as so l vent system BPW 6�4�3 on Whatman No, l paper, These chromatograms 

were scanned w i th a Packard chromatogram scanner; the l ys i ne was found to 

conta i n  on ly one signi fi cant rad ioactive impurity, which amounted to l ess 

than 1 %  of the tota l acti i ty , The serine (wh ich had been stored fol!' over 

a y-ear) conta i ned substan t ia l  rad ioactive impuri ties; about � 0% o,f the activity 

d id not move fmm the orig i n ,  

For decarboxyldtion ., 1 rmole of am ino acid , conta i n ing 2 to 3 X 1 0
5 

dpm· (  14  C) , was used , Various methods of .ahsC�roing cmd cou ting the carnon 

d iox ide were tr i ed �  the fo l lowing i s  a summary of the resu l ts obta i ned , 

1 ,  The carbon d ioxide was absorbed by 0 , 2  m l  M sod i um hydrox ide 

soaked into a strip of Whatman No,  1 paperv 2 cr.n x 6 cm , This was then 

dr ied and counted i n  a via l  as d escribed above (p,7&) ,  When this was done 

on l y  60% to 70% of the expected activity was detected � the reason for this 



8 1  

was not investigated . lt i s  suggested that the i ncreased Opa$:ity of the paper 

that had been in contact w i th sod i um hydrox ide would account for the d i sparity, 

as the observed activ i ty was stab l e .  

2 .  The carbon d iox ide was absorbed by 0 . 1 m l  5 M sod i um hydrox ide . 

Th i s  was d i l u ted to 5 m l  w ith water, and 0 . 5  m l  port ions of the sol ution so 

obtained were coul'\f'-ed in the so l vent  described by Bray ( 1 960). The v ia l s  
' 

were recounted 3 hr  and 1 8  hr· after the f irst coun ting; the resu l ts (expressed 

as % theoreti ca l )  are g iven in tab l e  m . 6 . l .  

These suggested that act iv i ty was be ing lost from the v ia l s; as no 

prec ip i tate was apparent and act iv i ty was not recovered by ag i tat ing the 

via l contents (cf. be low), it is presumed that the carbon d ioxide excapes i n to,  

or i s  exchanged with,  the atmosphere .  

When the 5 M sod ium hydroxide in  t he  Warburg vesse l s  was rep laced 

w i t h  1 M " Hyam i ne" hydrox ide in methanol (O . 1 m l) p lus 0 .  1 m l  water, and 

t he ent i re contents of the centre we l l counted , the resu l ts summarised i n  

tab l e  1 1 1 . 6 . 2  were obtained . T hese ind i ca e t ha t  hyam ine  i s  no better than  

sodi um hydroxide for hold ing carbon d ioxide i n  Bray1s so l ut ion,  and appears 

to b e  l ess effi cient as a trapping agent . Tria l s  of a method i n  wh i ch carbon 

d iox ide was trapped in sod i um hydroxide and trasferred by m icrod iffus ion 

(overn ight) i nto hyami ne hydrox ide confi rmed th i s . 
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TABLE 1 1 1 . 6 . 1 

Loss of 14co2 from Sod ium Carbonate i n  Bray• s So lu tion 

Amino acid 

Lysi ne 
Lysine 
Serine 
Serine 

A l l  F igures o/o Theoreti co l 
F i rst count  Second count Th i rd count 

94 
96 
78 
79 

97 
73 
76 
78 

45 
2 

1 8  
9 

The �cond count was made 3 h r  and the thi rd count  1 8  hr after the 

fi rst count . 14co2 decarboxy lation product of l ys ine ( 14
c) or seri ne ( 14C) 

Am ino acid 

Lysine 
Lysi ne 
Serine 
Seri ne 

TABL E 1 1 1 . 6 . 2 

Loss of 1 4
co2 from Hyam i ne Carbonate i n  Bray•s  So l ut ion 

F i rst count 

83 
86 
70 
36 

A l l  F igures o/o Theoreti col 
Second count Thi rd count  

8 1  
88 
55 
1 7  

40 
1 6  
4 
3 

The second count was made 3 h r  and the thi rd count  1 8  h r  after the 

fi rst coun t .  
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3 ,  The decarboxylations and carbon d iox ide trapping were carried 

out  as above, in  5M sod ium hyd rox ide,  and d i l uted samples of thjs were 

counted in various tria l scint i l l at ion sol vents , 

F i rst a mod i fied Brei s sol ution , con ta in i ng 10% 1 M hyam ine 

hydrox ide in  methanol instead of 1 0% methano l ( i , e ,  Q,  1 M hyamine 

hydrox ide in Breis sol ution) , Resu l ts obta ined are g i ven i n  tab l e  1 � ! , 6 , 3 .  

I n  v iew of the know n  contam ination of the ser ine, these resu l ts were con-

s id ered to be sat is  factory, 

At the same time a so l vent system consisting of to l uene 67%, 1 M 

hyamine hydrox ide in  methanol 33%8 PPO 0 . 6% POPOP 0 . 03% was made up,  

T his gave sat i sfactory resu I ts a l so , 

The d i ffi cu l ty w ith these two sol vent systems was severe quench ing , The 
/ 

mod ified Bray0 s  so l u tion gave counting effi c iencies be low 30%, A sc int i l lation 

sol vent consisting of 60% to l uene, 30% methano l , 10% 1 M hyami ne hydrox-

ide i n  methanol , 0 . 6% PPO and 0 . 4% POPOP was a l so satisfactory .. g iv i ng 

counting effi c iencies of 44-47%; this was i n i t ia l ly used , 

Attempts to use ] M NaOH i nstead of 5 M NaOH to absorb the 

carbon dioxide  showed that this d id not g i ve quantitative absorption , 

4, T his method was not suitab l e  for the study of the d istribution of 

l abe l  i n  some samp les that conta ined a total  activi ty of l ess than a few thousand 

counts per m inu te ,  i n  this case the transfer of the tota l contents of the centre 

we l l (0 , 1 m l  of 5 M NaOH) o the last sc int i l l ation sol vent described above 

was attempted , Loss of coun ts was again observed on repeated count i ng 8  b ut 



TABLE 1 1 1 . 6 . 3  

Retent ion of Carbonate i n  a Modif ied Bray's So l ution 

A l l  F igures % Theoreti col 
Amino acid F i rst count Second count Thi rd count 

Lysine 
Lysine 
Serine 
Serine 

102 
103 
90 
88 

108 
1 04 
93 
90 

1 03 
1 04 
86 
83 

Bray' s  solu tion contai n ing 0 . 1 M hyam i ne hydrox ide was used . The 

second coun t  was made  5 hr, and the th i rd 18 hr, after the fi rs t .  

84 
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this t ime most of the activity cou ld  be  restored by shaking t he v ia l  (.cL above) 

i nd i cat ing that sod ium hydroxide and carbonate had separated from the sol ution 

as a prec ipi tate . A visib l e  precip i ta te cou ld be  seen . Add i ng 0 . 4 m l  water, 

{mak ing the aqueous sod ium hydrox ide content 0 .  5 ml 1 M sol ution) d id not 

prevent this occurring; thus the l im i t  of sol ub i l i ty is between 0 . 5  m l  0 . 1 M 

NaOH and 0 . 5  m l  1 M NaOH . 

The sol vent system of J effay & A l varez ( 1 96 1 )  was a l so tried ;  this was 

better b ut sti l l  unsatisfactory . l t  was noted that this quenched l ess than the 

so l vent conta in i ng hyam ine  hyd roxide, and quenching cou ld  be further decreased 

by add i ng "Triton X 1 0011 • The fina l  mixture se l ected had the composi t ion 55% 

to l uene , 35% 2-methoxyethano l v  5 . 5% ethano l am ine, 5% B iTr i ton X 100" 

and 0 . 6% PPO. The counting effi c iency i n  th is,  us ing the same gain settingsu 

was 53-57%. In  th is  m ixture,  not more than 25% of the i ni t i a l  act ivity was 

l ost i n  1 8  hours; but  as extended overnig ht count ing ser ies were contemp lated 

th i s  was sti l l  considered unsatisfactory . 

Other caroon d iox ide absorbants were considered . Hyami ne hydrox ide 

was ru l ed out a l readyu and potass i um hydrox ide was not considered because 

i ts . natura l  rad ioacti l ty wou ld  be expected to i nterfere w i th  samp l es of l ow 

act iv i ty .  instead was tried a 25% (c . 2 .  7 M) aqueous so i ut ion of tetramethyl ­

ammoni um hydrox ide; 0 .  1 m l  of this was used to replace the sod ium hydrox ide i n  

the centre we l l s of the Warburg vesse l s .  Th i s  d id not increase the  quenching 

i n  the l qst sci nt i l lat ion solvent described above . I n  dup l i cate tri a l  d ecarboxy l at ions 

of l ys ine the recovery of ( 1
4

c) was 1 00% of theoreti ca l  i n  both samp l es ,  and 

th i s  remai ned unchanged after 1 8  hours .  Th i s  base was then adopted as the 
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preferred t rapping agent . 

l t  was noted that the apparent degree of quenching ,  and hence count i ng 

eff iciency ,  f l uctuated sig n i fi cant l y  i n  a l l  methods .  Thus i t  proved necessary 

to ca l ib rate the automatic externa l standard (usi ng cyclohexane - 1 4C) and determ ine 

the count ing effi ciency in  each case; th is  was used to convert a l l cpm determ i n-

ations to d is i ntegrat ions per minute . 
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Results 

The tota l d isi ntegrations per m inute i n  the so l ub l e  matter extracted from 

the plant materia l ,  and i n  aspartate and asparag ine,  are g i ven in  tab l e  1 1 1 . 6 . 4 .  

Aspartate and fumarate are both effect iv ly  converted to asparag ine at a rate 

more than twenty fo ld faster than that of g lyc ine .  Duri ng chromatography, most 

act ivity from g lyci ne-fed plants appeared to be in unchanged g lycine . 

When the so l id res id ues were i nvestigated , i t  was found that t hese were 

extens ive ly  l abe l l ed on ly in  the case of the g lycine-fed p lants . I n  the case of 

fumarate and aspartate-fed p lants , rad ioa ct iv i ty was not detected i n  experiments 

of l ess than one hour, and was substanti a l  on ly  in the three- hour experiments . 

I n  a l l  cases most activ i ty was found i n  substances that moved w ith the neutra l  

ami noacids on e l ectrophores i s .  

Thus g l ycine, a precursor of cyan ide i n  Chromobacterium vipl aceum 

(Michae ls  et a l . ,  1 965) is not effective as a precursor of asparag i ne i n  l upi ns .  

The four carbon d i carhoxy l i c  acids , aspartate and fumarate, are 111() rr�� dfective 

despite a re l at ive ly  more rap id loss of act iv i ty from the p lant; these substances 

are known to be rapid ly  m etabo l ised , probab ly by reactions re l ated to the 

TCA cyc le,  wh i ch i nvol ve decarhoxy lat ions (Nay lor et  a l . ,  1 958, for aspartate 

metabo l ism; T i tus and Sp l i ttstoesser, 1 969, for fumarate metabo l i sm) . 

Tab l e  1 1 1 . 6 . 5  summarises the res u l ts of the degradation stud ie s .  

Two p lants were separate l y  pu t  t hroug h each treatment, a nd each of  these 

d up l i cates was checked by repetition of the decarhoxy lat ions. The aspartate  

samp les from fumarate fed p lants gave unexpected resu l t s ,  and i ts identi ty , 

w�s rechecked by chromatog raphy i n  SAW and �OH. Label  from L-aspartate-
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asparag i ne in  approx imate ly  equa l  amounts; l i tt l e  appeared in C2 and C3 

of aspa rag i ne .  Thus the four carbon ske l eton is retai ned u but  w ith extensive 

equ i l ib ration between Cl and C4 of aspartate . 

However 1 asparag i ne from aspartate-fed plants consi stent l y  had more 

l ab e l  in the amide  g roup, whereas samp les from fumarate-fed, p lants consistent ly 

had more l abe l  in the carboxyl  g roup, suggest i ng that aspartate is - probab l y  not 

i n corporated ia fumarate . The randomi sation observed w hen  aspartate i s  supp l i ed 

can be  exp la i ned i f  exogenous aspa rtate equ i l ib rates more rapid l y  wi th  a pool of 

d i carboxy l i c  acids t han i t  does wi th  the aspartate poo l invo l ve d  i n  asparag i ne 

b iosynthesis . T h is aspartate poo l i s  separate from most aspartate, as the 

fumarate-feed i ng experiments s how .  The l abe l  from fumarate enters most 

aspartate on l y  after extensive m etabo l ism , b ut t he degradat ion of asparag i ne 

shows that H enters asparag ine  more d i rect l y  1 probab l y  via a separateu  sma l l er, 

poo l of asparag i ne .  

G i y·c ine i s  not l nco'!"porated i nto aspamg i ne vno cyan ide,  as this would 

l ead to a preponderance of l abel  i C4, the converse of w hat  i s  observed . 

The data obta i ned i s  consi stent ·.w i th  g l yci ne  be ing metabol ised via the TCA 

or a modifi ed g i yoxylate cyc l e .  

I n  experiments where pre cursors w ere administered for l ess than an  horJr, 

a nd in a l l  g ly ci n e  experiments , the tota l act iv i ty in the lso lated aspartate and 

asparag i ne was usua l ly l ess than 1 04dpm .  I n  these cases the ma in  uncertai nty 

i n  the resu l ts should be the random errors i nherent i n  rad ioisotope counti ng . 

T e standard deviatDons of these resu l ts were ca l cu lated .,  cons ider ing on l y  



� TABLE 1 1 1 . 6 . 4  

I n corporation of 1 4
c in to Aspartate and Asparagi ne 

Compound Adm instered Time Activity_�_pt!l-� 1 0-� I ncorporation I nto 
Asparagine 

(!fJCi) (hr) Tot . Sol ub l e  Aspartate Asparagine (%) 

14 
l-Aspartate-4- C o .  1 1 . 4 0 . 7  0 . 0 1  o .  1 

0 . 3  3 . 4  1 . 6 0 . 03 0 . 3  

1 . 0 5 . 4  1 . 9  0 . 2 1 . 8 

3 . 0  5 . 0  0 . 6  0 . 9  a .  1 

14  Fumarate- 1 , 4- C o .  1 2 . 2  0 . 04 0 . 0 1  o .  1 
0 . 3  2 . 4  o .  1 0 . 02 0 . 2  

1 . 0 5 . 8 0 . 1 o .  1 0 . 9  

3 . 0  5. 2 0 . 2  0 . 7  6 . 3  

G lyci ne-2- 1 4c o .  1 2 . 6  <o . 0 1  (0. 01 (0.  1 

0 . 3  4. 0 <o . o 1 (0 . 01 <o. 1 
1 . 0  7 . 8 0 . 0 1  0 . 0 1  o .  1 
3 . 0  6 . 4  0 . 0 1  0 . 03  0 . 3  



� 
TABLE 1 1 1 . 6 . 5 

Distribution of 1 4c i n  Aspartate and Asparag i ne 

Compound Time Expt. Aspartate Asparagine 
Adm i nistered (hr) No.  (C l + C4) C l + C4 C l  C4 

Aspartate 0 .  1 1 0 . 96 0 . 86 0 . 34 0 . 53 
o .  1 2 0 . 93 o . aa 0 . 44 0 . 44 
0 . 3  1 0 . 98 0 . 98 
0 . 3  2 0 . 93  0 . 89 
1 . 0 1 0 . 89 0 . 96 0 . 42 0 . 54 
1 . 0 2 0 . 93 0 . 96 0 . 41  0 . 55 
3 . 0  1 0 . 9 1 0 . 90 0 . 43 0 . 47 
3 . 0  2 0 . 99 0 . 95 0 .42 0 . 53 

Fumarate o .  1 1 0 . 67 0 . 87 0 . 45 0 . 42 
o .  1 2 0 . 75 0 . 93  0 . 49 0 . 44 
0 . 3  1 0 . 45 0 . 94 0 . 55 0 . 39 
0 . 3  2 0 . 8 1 0 . 92 0 . 57 0 . 35 
1 . 0 1 0 . 30 0 . 97 0 . 50  0 . 47 
1 . 0 2 0 . 77 0 . 90  0 . 46 0 . 44 
3 . 0  1 o .  1 6  0 . 64 0 .36 0 . 28 
3 . 0 2 0 . 27 0 . 87 0 . 43 0 . 43 

G lyci ne 1 . 0 1 0 . 29 0 .  1 7  0 . 1 4  0 . 03 
1 . 0 2 0 . 2 1  o .  1 3  o .  13  o . oo 
3 . 0  1 o .  1 9  0 . 32 o .  1 5  o .  1 7  
3 . 0  2 0 . 22 0 . 33 o .  1 7  o .  1 6  

Each horizonta l l i ne gives the data derived from one plant . Figures are portions of total racl ioactivity in  the d i fferent 
carbon atoms of the aspartate and asparagine samples .  
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count ing errors, and the seven sets of data w ith standard deviat ions g reater than 

: 0 . 02 a re l i sted i n  tab l e  1 1 1 . 6 . 6 . Thus with both aspartate and fumarate-

fed p lants there is a sig n i fi cant d i fference in the act ivity in C l  and C4 of aspara­

g ine, b ut the data does not detect any change in pattern w i th adm in istration 

time . 



S! 
TABLE 1 1 1 . 6 . 6  

Standard Deviations of Resu l ts 

Rad ioactive Substrate Time Am i noacid Portions of Lci>el & Standard Deviat ion* 
--

(hr} Isolated C l +C4 C l  C4 

Fumarate 0 . 1 ( 1 ) Asn 0 . 87i0 . 02 � . 45±0 . 02 0 . 42±0:04 

Fumarate 0 .  1 (2) Asn o .  93±0 . 05 0 . 49:0 . 03 0 . 44±0 . 06 

Fumarate 0 . 3( 1 )  Asn 0 . 94i0 . 03 0 . 55±0. 02 0 . 39:1:0 . 04 

Fumarate 0 . 3(2) Asn 0. 92;:;{) . 03 0 .  57;:;{). 02 0 . 35±0 . 03 

Aspartate o .  1 ( 1 } Asn o .  86±0 . 03 0 . 34±0 . 03 o .  53±0. 04 

Aspartate o .  1 (2) Asn 0 . 88±0 . 08 0 . 44±0 . 05 0 . 44±0 . 10 

G l yc ine 3 . 0(2) Asp 0 . 22:1::D . 05 

*Detennined from radioisotope counting errors only.  
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7 .  OTH ER POSS I BLE PR ECURSORS OF CYANIDE  OR  ASPARAG I N E · 

Seed l i ngs and shoots were used i n  this series of experiment-s ,  wh ich  

were prel imi nary to  those described in the  previous section ( 1 1 1 . 6) .  I n  most 

cases it was assumed that asparag ine  is on ly  s l ow ly  metabol ised � as the resu l ts 

i n  sections 1 1 1 . 4  and 1 1 1 . 6  suggest , this appears to be true i n  as far as there is 

a large pool of asparag ine that turns over s low l y  (c . f. Steward & Bidwe l l v- 1 966) . 

Thus i f  a l abe l l ed m etabo l i te is converted i nto asparag ine., trace amounts of 

labe l  supp l ied to the plant over a prolonged period shou ld appear in asparag,i ne 

and the labe l  shou ld accumu late.  When sign ifi cant l abe l l i ng was observed 

i n  a long tei!TTl experiment v short term experiments were carried out . 

Etio lated seed l i ngs of various ages were used . Three methods were used 

to supp ly  these wi th  l abe l l ed m etabol i tes . T he first was to supply the poss ib l e  

precursor throug h t he  roots . The seed l i ng was washed w i th dist i l led water, and 

the roots d ipped i nto 2 m l  so l ution conta i ,ni ng the label l ed precursor.  The 

second was to i ni ect the p lant w i th  the l abe l l ed precursor"' usi ng a Ham i l to n  

syri nge ,  i n  even l y  spaced por ions over the surface o f  the p lant .  The th i rd was 

to remove the roots wi th  a sharp b iade., and to a l low the severed hypocotyl to 

imbibe the precursor i n  100 r '  of so lution .  

No attempt was made to mainta in  stri ct l y  asepti c cond i tions d uri ng 

t hese pre l im i nary experiments . However, a l l  g lassware was washed wi th  

d i l ute "Zeph i ran 11 b efore usev and ri ns� ,w i th  freshl y boi l ed d isti l l ed water. 
�;· . 

D uri ng the i ncubation p�riod a l l  p lants were covered by a large beaker that 

had been simi lar ly washed . 
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The p lan t  materia l  was ki l l ed w i th boi l i ng 80% ethanol  ( 1  to 3 seed -

l i ngs w i th 50 m l) and extracted by homog enis ing wi th  further aqueous ethanol 

a nd with water . The i nso l ub l e matter was removed by centrifugation and the 

combined supernatants were evaporated to d ryness at 35-40°C i n  a rotary 

evaporator.  After evaporation, the so l ub l e matter was red isso lved n n  2 ml  10% 

i sopropano l (for chromatography) or pyrid i ne acetate buffer (for e l ectrophores i s) . 

Portions of this so l u  ion were analysed . 

� nso l ub l e  resid ues were d igested wHh 11 Pronase 11 as described i n  section 

l i L  2v and the ami noac ids separated from the d igest by the same method as 

used there . 

The possib le  precursors supp l ied were � 

( i )  L Arg i nn ne (ureide 14c), i5.  7 mG/mmol e  p . 95 

( i i )  G l ydne-2-( 1 4q ,  3 1 . 7  mCi/mmol e  P · 96 

( i i i) l Sero ne (unifonn ly  label l ed}, 7. 4 mG/mmol e  & 87 
mCI/mmol e  P · 97 

( iv) Potassi um cyanate-( 
14q 6 7 .0  mC!/mmole  P · 98 

(v) Sod ium pyruva e� 1 -( ]4C) v 9 .3  mG/mmol e  p . 98 

(vi) L Val i ne 107 mCi/mmo!e) ,  l lso i eudne ( ] 74 mG/ 
mmo l e) & L Tyrosi ne (238 mG/mmol e} (a i i  uniform ly 
l abe l l ed)  P · 98 

(vl i} D L  Asparti c  acid�4-( 14q;  3 . 2  mCi/mmole p . 99 



( i )  Arg i n i ne 
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Seed l ings, i ni t ia l l y 6 days o ld ,  were a l lowed to take up 1 0  jJCi  

L-arg in i ne-ureido 14c through the roots over a period of  6 days, and seed l ings ,  

i ni t ia l l y  1 2  days o l d ,  were a l l owed to take up  1 0  rCi  arg in ine through the 

roots over a period of 3 days . The asparag ine  was separated by e l ectrophoresi� 

fo l lowed by d hromatography of the neutra l  am inoacids in BPW 1 : 1  : 1 ; the l abe l  

was detected w i
.
th the 11Act igraph11 chromatog ram scanner. Most of the label  

remained in  the arg in i ne; a sma l l  b ut s ig n ifi cant i ncorporation into asparag ine 

was observed with the 6 day plants after 6 days . The identity of th i s  asparag i ne 

was confi rm ed by e l ut ion, fo l lowed by  co-chromatography w ith authent i c  

asparag ine on a two d imens iona l  chromatogram usi ng �OH i n  t he  f i rst d i rection 

and BAW i n  the second : the brown n inhyd rin posit ive area and the spot on an 

autorad iog raph coi ncided . 

Seed l i ngs 2 days o ld 1  6 days o id ,  and 1 2  days o id  were i ni ected with  

� 0  �Ci arg l ni nev  and aftei' 3 houu-s ki l l ed and extracted . The asparag ine was 

separated as  before . Aga in u  on ly the asparag ine  from the 6 day o ld p lan ! 

contained d et ectab l e  l abe l . Suf i cient of this for a study of the d istribution of 

l abe l  b etween the carbon atoms was iso la ted by l a rg e  sca l e  e lectropheu-esis 

fol lowed bj- chmmatography on Whatman 3 mm paper w! h BPW 1 :  � � ] . The 

asparag ine  was degraded wi th N-b romosuccinim ideu  as described in section 

1 ! 1 . 6 . The C02 was col l ected iriC:L 1 m l  5M N aOH and this was d i l u ted 

to 5 m l ;  0 . 5  m l  portions were then counted i n  Bray•s  sol ution .  Resu l ts obtai ned 

with unifonn l y  l abe l l ed seri ne decarboylated demonstrated at the sam e  t ime that 

this procedure was g iv ing a lmost quantitative resu l ts ,  probab l y  because (un l ike 

-1. ,., 
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the l ater work described i n  1 1 1 . 6) new sc i nt i l lat ion v ia l s  were used , w i th  

sea l i ng i nser-ts i n  the screw caps . 

The am ide g roup of asparag ine was found to contain on l y  1 4% of the 

tota l act ivity (tab l e  1 1 1 . 7 . 1 ) .  This resu l t is  not consistent wi th t he hypothesis 

that the ureido g roup of a rg i nine is converted to cyanide ,  wh ich  is then 

converted to asparag ine v ia the f -cyanoa lanine pathway . 

( i i) G l yc i ne 

A seed l i ng ini t ia l l y  6 days o ld  was a l lowed to take up 10  rC i  g l yc i ne 

14  
2 - · C throug h the roots for 6 days .  T he  asparag ine was separated by chromat-

ography i n  B EW and BPW h h 1  and the rad ioactivity located w ith the 1 1Actigraph 11 

scanner . A l t hough most of the rad ioact iv i ty remai ned i n  the g l ycine,  cons iderab l e  

a ctivity was found i n  the asparag ine .  Suff ic ient of  this to  study the d istribution 

of l abe l  was purified by chromatography in B CW; the asparag i ne was e l uted and 

further purifi ed by chromatog raphing it aga i n  fi rst in BAW and fina l l y  in BPW 

1 : 1 : 1 . 

The asparag ine ob ta ined was deg raded in  the same manner as that 

d erived from arg in i ne (tab l e  l i l .  7 .  1 ) ,  and proved to have about 22% of the 

tota l l abe l  in each of Cl and C4 (c . f . resu l ts in Ul . 6, tab l e  1 1 1 . 6 . 5 

Three hour experiments on 5 day o ld  p lants are described in section 1 1 ! . 6 . 

A 1 5  day o ld  seed l i ng i n jected wi th 5 rC i  g lycine and l eft for 6 hours d id not 

i ncorporate detectab l e  rad ioactivi ty i nto asparag ine .  Th i s  i s  consistent wi th  

d ata i n  section 1 1 1 . 4  (fig . 1 1 1 . 4 . 1 )  wh i ch shows asparag ine  synthesis to  be most 

rapid i n  p lants 4-6 days o ld . 
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( i i i) Serine 

A seed l i ng i ni t ia l l y  1 2  days old was i n jected with 5 1Ci of L-serine 

- u-
14

c (7 . 4  mCI/mmole) a nd l eft for 2 days . The asparag i ne was separated 

b y  chromatog raphy in propW, BPW b 1 � 1 ,.  a nd BAW, and the radioactivi ty 

d etected with an  1 0Actigraph11 chromatogram scanner . Extensive metabol ism 

of the serine occurred , and asparag ine was one of the l abe l l ed products . 

A 5 day o ld  seed l i ng was a l lowed to imb ibe 5 lC i  of serine (87 mCi/ 

mmo le) hrough the severed hypocotyl for th ree hours .  The asparag ine  was-

separa ted by chromatography in BPW 6�4:3 , BAW, and �OH and the rad io-

act ivi ty detected w ith a Packard chromatogram scanner. A smal l but sig n i ficant  

conversion to asparag ine was observed , a l thoug h on ly 4% of that observed i n  

a paro l ie l  experiment w i t h  l O  pCi  DL-aspartate (tab le  l i i . 7. 1 ) . The 

identi ty of the. asparag ine was checked by cochromatography (see be low ,  vi ) . 

Suff i c ient for deg radation was isol ated by chromatog raphy on Whatman 3 MM 

paper i n  BPW 6�4�3 fo l lowed by e l u tion and chromatography i n  BAW. The 

d eg �radation was carried out  as  descO"ibed for arg in i ne; the so l u tion of 

1 4
co�- I n  a lka l i  was then flreeze dried and sent to another laboratory, w here 

the C02was transferred by m i crod iffus ion i nto a sol ution of !l Hyam ine lOX 01 

hydroxide and counted in this fonn .  As wi l l  b e  seen from the resu l ts in sect ion 

1 ! ! . 6  {p . 78 ) this is l i ke ly  to underestimate the l abe l  a l i tt l e .  However�' 

a pproximate ly  equa l act ivity was found in C l  a nd C4 (tab l e  m .  7 � 1 ) , and taki ng 

i nto account the probab l e  count ing erroii"S in these low activity samples ,  the 

observed d istribution of l abe l  is consistent with  even l abe l l i ng . 



( i v) Cyanate 

A seed l i ng i ni t ia l l y 6 days old was a l l owed to take up 5 rC i  potass i um 

cya nate - 1 4_C through the roots over a period of 6 days . The asparag i n e  was 

sepa rated by chromatog raphy in propW, BPW l d : l  and BAW . The seed l i ng 

contained l i tt l e  rad ioactivity , a nd no signif icant l abe l  was d etected i n  

asparag ine . 

( v) Pyruvate 

Two seed l ings 1 i days o l d  at the start were used : one was 'a l l owed--to 

take up W �G sod i um pyruvate - ] - 1 4c throug h the roots for 3 days and the 

second was i n f ected w ith 5 �Ci pyruvate and l eft for 24 hours .  The asparag ine 

w as separated by chromatography in propW u B EW u BAW 1 a nd BPW � : ] :  1 u 

a nd the rad ioactivi ty located w i th the u 1Actigraph11 scanner . Very l i t t l e  

a ct i vity was recovered from these p l ants,  w i t h  n o  s ign ificant l abe l l i ng of 

aspa rag ine , 

(vi) Va l i ne,  !so i euf;in e  and Tyrosine 

Three 5 day o ld  seed l i ng s  w ere each a l lowed to imb ibe 5 pCi of  one of 

t hese thiJ"ee unifom d y  l abe l i ed L-am i noacids throug h a severed hypocoty l ,  and 

l eft for t hree hours . The asparag i n e  was separated by c hromatogi'Giph y  in SPW 

6g4�3, BAW, and ?}oH . A consid erab l e  numb er of peaks w ere observed w hen 

t hese chromatograms w ere scanned w i th the " Pa ckard 11 scanner, and peaks- n ea r  

where asparag i n e  wou ld  b e  expected were e l uted a nd the i r  .ident i ty checked 

b y  coc hromatog raphy with authent ic  asparag i ne using two cimensiona l systems . 

T hese systems consisted of the two sol vents from BPW, BAW a nd  �OH that were 
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not used i n  the i n i t i a l  separa tion , The radi oa ct ivity was detected on these by 

a utorad iog raphy and the pos it ion of this  com pa red with t he b rown ni nhyd ri n spot 

of asparag ine , On l y  asparag ine from the iso l eucine fed p lant  conta i ned s ig nific-

ant rad ioact ivi ty; t he convers ion was poor even i n  this  case , and was l ess than i n  

t h e  para l l e l  seri ne experiment ( i i L  above) a nd much l ess than that when 

aspa rtate was suppl i ed (vi L  b e l ow) . Deg rad ation was not attempted . 

(vi i) D L  Aspartate 

A 5 day o ld seed l i ng was a l lowed to imb ibe W fC i  of DL aspartate 
14  

-4- C throug h t h e  severed hypocoty l ,  and l eft for three hours .  T h e  asparag i ne 

was separated and i ts identity che cked as described i n  the pre ced i ng parag raph 

(vi) . Extensive m e tabo l ism of the aspartate had occurred , b ut the l a rgest  

peaks on the chromatog ram scans correspond ed to asparag i ne; this  was s igniHc-

a n tly l a rger than t hat correspond i ng to aspartate . D L  Aspartate was c l ear ly  

a m u ch more effect ive pre cursor of  asparag i n e  than was the ser i ne ,  va l i ne,  

tyros i n e ,  and iso l eu ci n e  supp l i ed in  para l l e l  experiments . 

Suffi cient aspa!l"ag i n e  foil" i n vestigation of the d istrib ution of l ab e l  w as 

i so l ated by e l ectropho resis fo l l owed by c hroma tog raphy i n  BPW 6:4:3 . T he 
1 4c o2 sampl es were col l ected i n  a l ka l i ,  freeze d ried and counted as d es-cribed 

for t he para l l e l  ser i ne experimen t .  The resu l ts ob tained sugg est that C l  and C4 

w ere equa l l y lab e l l ed ,  w i th about 38% of the tota l l abe l  in each , As the count i ng 

m et hod used wou ld und erest imate carboxyl l ab e l  (sect ion 1 1 1 . 6, tab l e  1 1 1 . 6 . 2) ,  

th is  resu l t  is i n  consistent w i th t hose describ ed i n  section 1 1 1 . 6 .  The sig n i fi c-

o n ce of this  experiment  l i es i n  i ts a l l ow ing a comparison w i th ser ine , iso l euc ine,  

u::;R:.�Y 
MASSE'( .U_t-ll.Y.ER.Sll'l 
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tyrosine, and va l ine  a s  precu�sors . Under the same cond it ions,  l ab-e l  from 

L-serine-u- 1 4c was i n corporated into asparag ine at l ess than one tenth t he 

rate, and lab e l  from the other om inoacids even l ess effe ctive l y .  
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Label l ed Precursor 

L A • . "d 1 4C - rg mtne-ure t o-

G l ycine -2- 1 4c 

L-Serine-u- 1 4c 
14 D L  Aspartate-4- C 

TABLE I l l .  7 .  1 

D istribution of Label in  Asparagine Samples 

T ime 

6 days 

6 days 

3 hrs 

3 hrs 

Activity Decarboxylated 
-3 (dpm X 10  ) 

1 . 2 

8 . 3  

0 . 95 

23 . 4  

Portions of Activity 
i n  carbons -

C l +C4 C l  C4 - -
0 . 40  0 . 26 o .  1 4  

0 . 43  0 . 2 1  0 . 22 

0 . 48  0 . 26 0 . 22 

o , 76 0 .37 0 .39 

Counts were carried out on 1/10  of the C02 col l ected . I n  the first two cases, 1 4co2 was counted as sodium 

carbonate; in the other two, as hyam ine carbonate. The latter were done for the author, and may be underestimated 

because of the method used . The activity in portions of asparagine decarboxylated are canparab le  between serine 

and aspartate onl y .  
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8 .  I N V E ST I GATI ON S W I T H  C ELL F R E E  SYST EMS 

Ce l l  free prepara tions from dark g rown I up i ns were i nvest ig ated for the 

ab i l i ty to cata l yse fou r  types of reaction that cou ld be re l evant  to th i s  stud y .  

( i )  Red uction o f  Carbamoy l P.hosphate (or Cyanate) to Cya n i d e  
( p . 1 03 ) 

Ca rbamoyl  phosphate i s ,  i n  so l ut ion,  i n  equ i l ibr ium w i t h  cyanate and 

phosphate (A l i en & Jones 1 964) . T hus a possib l e  metabo l i c  pat hway for 

cyan ide for asparag i ne b i osynthesis was considered invo l v i ng reduction of  

cyanate or carbamoyl  phosphate to  cyan ide,  and l upin  preparat ions w ere i n ves-

t igated for enzymes that cou l d  cata lyse e i ther 

0 1'  

- + + NAD (P) H -----�;,._,.... C:N + P i + H2 0 + NAD P 

C N O- + N AD(P)H + �/--��� CN � +  NAD (P)+ + H2 0 

! n  sect ion �V . 2  are g i ven  the reasons for suspe ct i ng a poss ib l e  l i nk between 

carbamoy l  phosphate metah:> ! i sm a nd asparag i ne b i osynthes i s .  

( l i )  Dehyd ration o f  fom;am wde (p . 1 04 ) 

formamide cou ld con eel vab iy arise from fol ate derivati ves , a nd an 

e nz yme that cata l yses the react ion 

was l ooked for. The d ata in tab l e  m . 5 . 4  (p . 76 ) shows that fo rmam ide 

i s  noti'  i tse l f, a n  effect ive substrate for r -cy�noa l a n i ne synthase . 
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(iii.) f -Cyanoa l a ni,ne Hydratase ( p .  1 06) 

There i s  rad ioisotopi c evidence for the probab l e  ex isten ce of t h i s  enzyme, 

as  has been noted a l read y .  Fowden and Be l l  ( 1 965) have show n  that t h e  react ion 

can take place in ce l l  free systems of a number of p lants . Pre l im i nary experi -

ments were carr i �  out to assess a poss ib l e  cal orimetri c assay that wou l d  enab l e  

, som e of the propert ies of th is  enzyme to b e  d eterm i ned . 

( iv) Asparag i ne Synthetase (p .  1 08) 

The evid e nce for the occurren ce i n  p l a nts of this  enzyme i s  d isc uS!ed 

i n  section IV . 3  ( p . 1 2 5 ) .  i t  is a wel l estab l ished entity i n  animals  and 

m i cro organisms . 

( i )  Carbamoyl  P hosphate (or Cyanate) Red u ctase 

D i l i t h i um carbamoyl  phosphate was prepared by the method of Spector 

et a l . ( 1 955) as mod ified by Davis ( 1 962) 0 a nd i ts puri ty assayed by the method 

of F iske and SubbaRow as described by Le lo i r a nd Card i n i  0 955) . The 

prepara tion used contai ned 65% carbamoyl phosphate . 

Acetone powd ers were extracted w i t h  tris- HC l b uffer (p . 2Mu p H  7 .4) 

a nd  centrifug ed . Som e of the supernatants w ere d ia l ysed . Another extra ct 

was prepared by homogenisi ng 25 gm ,t issue w ith  25 m i  tr is  H C l  buffer (0 . l M, 

pH 8 . 4) and stra i n i ng  the homogenate throug h m us l i n .  Substrate {potassi um 

cya nate or carbamoy l phosphate) and extract w ere m ixed i n  a s i l i ca spectro-

p hotometer cel l ,  and the reaction started b y  add i ng  NAD H or NADP H .  

Absorbance a t  340 nm was fol l owed i n  a Bec kman D U  or D K2 spectrophotom eter.  

With KCN O as substrate ,  l ow activit ies were absorbed i n  a l l experime nts: 

a l i t t le  aceta ld e hyd e was added at the end to check t hat some active enzyme 
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a nd coenzym e w ere present . The resu l ts of th i s  experim ent ( tab l e  I I I . S . l ) ' pro-

v id e  no evidence for a n i coti nam ide coenzyme l i nked red u ct ion of cyanate or of 

carbamoy l  phosphate . The s l ig h t  loss of absorbance observed occu nred a t  l east 

as fast in  the absence of the suspe cted substra te as in  i ts presence .  T ha t  other 

enz ym e  activit ies had survi ved the preparation of these extracts was d emonstrated 

by the addi tion of a ceta ld ehyd e� high a l col h o l  dehyd rog enase act i v i t ies were 

observed . Th is a l so confi rms the effecti veness of the coenzym e  prepa rat ions . 

I n  the l ate r experim ents, hig h endogeno·us act iv i ty provided the same contro l s .  

( i i )  Form am ide Dehyd rat ion 

Lupin  seed l i ngs (5 day o ld) were homog enised w i t h  tris HC l buffer 

(O . 1 M, pH 8 . 4) ,  1 m l  buffer b e i ng used for ea c h  gm wet weight  of p l a n t  

m ateria l .  The hom ogenate was st!J'a i ned throug h m us l i n  a nd the fi l trate used . 

Assays were card ed out i n  3 . 0  m l  tota l vol ume b uffer (0 . 05 M tris H C l ,  p H  

8 . 4) ,  conta i n i ng of 2 . 0  m l  fi l t!J'ate, 0 . 5  m l  b uffer conta i n i ng 5 pmole  ATP,  

a nd 0 . 5  ml  of b uffe!l" contai n i ng 10 �mo l es formam ide . The m ixtures were 

i n cubated in  stoppered tubes for 1 hr at 30°C u  a nd then port ions assayed for 

cyanide by the method of Aldridge 0 945) . The resu l ts obta i ned are summa rised 

i n  tab l e  1 ! 1 . 8 . 1 .  ! n  a l l  cases w here fi l trate had b een i n c l ud ed h igh absorben c ies 

were fou nd . As th is  a l so occurred i n  the boi l ed controls,  i n  w h i c h  a larg e  

portion o f  the cyani d e  wou ld b e  expected to have b een l ost by vo l at i l i sat ion,  

i t  was suspected that  the  col our was  to be attri b u ted to  i nterferi ng substa nc es 

other than cyanide.  T h i s  was confi rm ed by m i crod iffusion . Port ions of the 

assay m ixture were p l a ced i n  Conway units w i th a l ka l i  i n  the centre we l l ; the  

a l ka l i  was assayed for cyanid e .  less t han o .  1 rm o l e  cyanide was presen t .  
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Extract 

TABLE 1 1 1 . 8 . 1 

Assays for Reduction of Cyanate and Carbanoyl Phosphate 

Substrate Coenzyme 
d 3 - dt (Absorbance) x 10  

With SUbstrate Without Substrate +C H3CHO 

A KCN O  NAD H  3 3 

A KCN O  NADPH 1 5 

AD 1 KCN O  NADH 4 4 

AD 1 KCNO NADPH 0 0 

AD2 CAP NAD H 13  1 6  

AD2 CAP NAOP H  9 10  

H CAP NAD H 56 62 
H CAP NADPH 74 84 

Abbreviations: A; acetone powder extract . AD; dialysed acetone powder extract . H; crude homogenate . 

330 

30 

CAP; carbamoyl phosphate . A l l  i n  vol ume 3m l; 5 pmoles substrate used in each case, and 0 . 3  pmol e coenzyme.  

Al l assays i n  tris HC 1 buffer; the first four at  pH 7.4, the last four at  pH 8.4.  
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Thus no ev id e nce was found i n  th is  experiment to sugg est that l up i n  seed l i ngs 

can dehyd rate formam ide to cyanide . . 

( i i i ) B -Cyanoa l a n i ne Hydratase 
I 
The fi rst  attempt to m easure the act i v i ty of this  enzyme i n  a l up i n  

system was ca rri ed out on an homog enate of 1 0  day o l d  et io l ated seed l i ngs, 

prepared as d escribed in ( i i) above . The ex tract was d i a l ysed aga i nst  1 l i tre 

of tris HC 1 b uffer (O . 02 M, pH 8 .  4) before use . 

W i th 1 . 0 m l  homog enate were m ixed 5 rmo l es of f -cyanoal a n i n e  

i n  b uffer, and i n  some case 5 �mol e ATP . T he tota l vo l ume was made up to 

2 . 0 m l  w i t h  b uffer i n  a l l  cases . The m ixtures twere incubated a t  30°C for 

one hour, then p l aced in a boi l i ng water bath for 5 m i n .  After cool i ng ,  1 . 0 m l  

o f  a so l ution of asparag i nase was add ed , and the proced ure of t he asparag ine 

assay of sect i on l i l . 4  (p . 45 ) was fo l l owed . The resu l ts obta i n ed are summa rised 

i n  tab I e 1 1  ! .  8 .  2 .  

Appa rent activ i ty i n  the compl ete m ixture i s  64% g reater than that i n  

the boi l ed contro l ,  suggesting that some enzyme was detected . T h is d i fference 

corresponds to 0 . 35 �mo l e  asparag i ne bei ng formed in  one hour .  ATP appears 

to b e  i n h ib i tory . Howeverv i n terpretat ion i s  v i t iated by the hig h absorbencies 

fou nd i n  the controls,  and these a re e l im i na ted i f  f - cyanoa l a n i ne i s  

exc l uded .  T h e  pur i ty of the f-cyanoa l a n i ne was checked chromatograph i ca l l y, 

a nd  fou nd not to conta i n  s ign ifi cant asparag i n e .  l t  was suspected that t he 

aspa rag i nase preparation was contam i nated w it h  a t- cyanoa l a n i n e  h yd ratase; 

b ut re cent work by Lau i ng er and Ress l er ( 1 970) sugg ests a more l i ke ly  expl anation . 

T hey found that asparag i nases from g u i nea pig a nd E. co l i  s l ow ly hydro l yse 



TABLE 1 1 1 . 8 . 2  

Assay for Dehydration of Formamide 

Experiment Absorbance at 530nm 

Complete m ixture 

- ATP 

- Formam ide 

• - Homogenate 

Boi led Homogenate in Complete Mixture 

0 . 35 

0 . 37 

0 . 33 

0 . 05 

0 . 42 

The compl ete m ixture contained ,  in 3 m l . ,  2 . 0  m l  fi l tered homogenate from 
5 day old lupins, 1 0  �mole formamide, and 5 umole ATP. 

TABLE I l l .  8.3 

Assay for p-Cyanoal an ine Hydratase 

Experiment Absorbance at 480 nm 

Complete mixture 0 .  1 8  

- ATP 0 . 24 

- p -cyanoalanine 

Boi l ed  Homogenate in complete m ixture 

0 . 0 1  

0 .  1 1  

The compl ete m ixture contained , in 2 . 0  m l ,  1 . 0 ml dialysed homogenate 5 fmol e  
-cyanoalanine, and 5 pmol e of ATP . 

1 07 
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� -cyanoa lan i ne to aspartate; if the same is true for the preparation used here 

the h igh b lanks are read i l y  understood , 

Because of the hig h asparag ine content of the p lant  matertal used 

(section ! 1 1 , 4, p .  51 ) v i neffi c ient d ia lysis w i l l  aJso cause h ig h  contro l s .  Thus 

th i s  method of assay is not sat isfactory . 

The assay for � -cyanoa lan ine hydratase was a l so carried out on extracts 

of freeze-dr ied powders; i n  t hese cases there were no d ifferences between t he 

experiments and the controls , 

( i  ) Asparag i ne Synthetase 

Four attempts were made  to detect an asparag ine synthetase act ivity . 

I n  each case aspartate-4- 14c (ei ther D L  or L) was suppl i ed to a crude homo-

genate and the rad ioactivity in  asparag ine i nvestigated . Tab l e  ! i i . 8 . 4  g i ves a 

summary of these experiments v wh ich  were a l l  negat ive. Asparag ine was i so l ated 

by e l ectrophores is and chroma og raphy (as described i n  section m . 6); in the 

case of experiment 4 (using sucrose-buffer) a pre ! lm inary iso l at ion of am inoacids 'v� 

carried out using !R 1 20 ion exchange res in  (as described i n  section 1 1 1 . 3) "  

Thus no d i rect evidence was obtai ned for the presence of a n  asparag ine 

synthe tase, in agreement wi th  the work of Lees et a l . ( 1 968) and i n  contrast 

wi th  reports by Webster o:nd Vomer ( 1 955 a & b) and AI Dawody ( 1 96 1 ) .  T he 

signif i cance of th is  wi l i  be d iscussed l ater. Time d id not permi t  two techn i ca l  

improvements of these assays; fi rst., the use o f  11 Sep hadex G25" t o  speed u p  the 

separation of prote in  and asparag i ne (re la ti ve to dtol ysis) , and second , the 

use of Oil ATP generat ing system to compensate for any ATP-ase present . 



TABLE 1 1 1 . 8 . 4 
Attempts to Detect Asparag ine Synthetase 

Seedling Age (Day) 

Homogenate in 

Dialyed ? 

Substrates: 

DL Aspartate- 1 4c (I.ICi/ml )  
14  

I 
L Aspartate - C (uCi/m l )  

I 

Fumarate- 14c (1'!.1Ci/m l) 
+ 

N H  4 (mM) 

G l utam i ne (mM) 

Carbamoyl Phosphate (mM) 

Cofactors: 

ATP 

Pyridoxal phosphate 

Time of Incubation at 30°C 

1 

10 
8uffer 

Yes 

0 . 8 

2 

2 

2 

3hr 

Experiment N umber 

2 3 
-

6 5 
Buffer Buffer 

Yes No 

0 . 8 
1 . 3 

1 . 3 

2 1 . 3 

2 1 . 3 

2 

2 1 . 3 

0 . 3  

3 hr 1 .  5hr 
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4 
-

5 
Su <;rose/Buffer 

Yes & No 

1 . 0 

0 . 4  

0 . 4  

1 .0 

0 . 2  

3hr  

Conoentrations of substrates and cofactors expressed i n  }'Ci/m l  for rad io­

active one, remainder  mmolar. Buffer tris HC l (0 . 05M in assay med ium , pH 8 . 4) 
with 0 .  2 M  sucrose added in experiment 4. Each experiment consisted on incubations 

of different combi nations of the components l isted . 
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1 .  R ELATI O N S H I P S  BETW E E N  CYAN I D E A ND SULPH I D E  METABOLI SM 

I n  the introdu ction to this  thesis a c l ose 1connection b etween cya nide and 

s u l ph ide assim i l ation was con cl uded to be un l i ke l y . Here, the evidence for t h is 

w i  1 1  b e  considered more fu l l y �  t he nature of the serine depend ent and 0-acety l 

seri ne d epend ent cyste i ne syntheses w i l l  be  consid ered and com pared w i t h  

p -cya noa lanine synthase, and the data i n  sect ion 1 1 1 . 2  d iscussed . 

( i )  Seri ne Dependent Cysteine Synthase 

T h is enzym e  was desc ribed by Sch lossmann and Lynen ( 1 957) under the 

name 1 1 serine su l ph h ydrase'1 • Sch l ossm ann �. ( 1 962) purifi ed i t  50 fo ld  

from yeast . Sim i l a r  enzymes have been found i n  Es cheri chia  col i (Pasternak 

et a l . 1  1 965J and Neurospora�einweb er and Monty, 1 965) . Bruggemann et a l . 

( 1 962) c l a imed to have detected t h is enzyme i n  spi nach (very l ow activi ty) , i n  

a w ide range of m i c roo rganisms and i n  rat and c h i cken t issues � i nd eed ,  they 

reported that eH cken iver homog enates were as act ive as crud e yeast extra cts . 

This enzym e  appears to be stim u lated by ATP dnd pyridoxal  phosphate . A 

cysteine  synrhase found i n  c h i cken emb ryo t i ssue by F mmag eot and eo-workers 

(Sentence et a l . ,  1 963; f mmag eot and Sentence., 1 964) may be c l osely a l l i ed;  

i t  requi res serine 0-phosphate as substrate and w i l l  not uti l i se seri ne . These 

enzymes d isp lay a l a cK of spec Hi c i ty :  Nakam ura a nd Sato (1 9.63) .showed that a 

fungal  enzyme wou i d  cata lyse the exc hange of th iosu l phate gro u ps as w e l l  

a s  the s u l phide a nd hydroxy l g roups of cystei ne and serine, and i n  the presence 

of Fromag eot ' s  enzym e  su l ph i te,  su l ph ide  and phosphate groups are i n tercha ng eab le . 

This  lack of specifi city may extend to cyan ide . 
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D u nn i l l  and Fowden ( 1 965) observed ATP a nd pyriodox a l  phosphate 

stim u l a t ion of cyanide cesim i lot ion i nto r -cya noa l an i ne in ce l l  free prepa rat i ons 

from E. co l i; serine and cysteine cou ld  both serve as the other substrate . A 

sim i lar  enzym e act i v i ty has been d escribed from Ba ci l l us megater�um by Castri c 

a nd Strob e l  ( 1 969) 1 a nd there is no reason to suspect that  i t  is not more w id espread , 

This  act i v i ty can q u i te p lausib l y  b e  attrib uted to a non-spec ifi c cyste i ne synthase , 

Ex cept for l ow activit ies reported by Brugg emann et a l . 1 usi ng a rat her 

non-spec i f i c  assay 1 a serine depend en t  cyste ine  synthase has not b een reported 

from h ig her  p lants .  l t  has been reported from an ima ls that a re not know n  to b e  

ab l e  to e i t her synthesise f -cyanoa l a n ine from cyan ide o r  cystei n e  from ser ine . 

I n  sect ion 1 1 1 . 51 confi rm ed by Hend r i c kson and Conn 1  l upin f - cyanoa l an i ne 

synthase w as shown not to use seri ne  as substrate1  and i t  is stim u l ated nei ther 

by ATP nor by pyrid ox a l  phosphate . D ata i n  section 1 1 1 . 2  (Tab l e  1 1 1 , 2 ,  1 , p . 20 ) 

i l l ustrates that acetone powd ers of l up i n  conta i n  hig h levels  of p -cyanoal a n i n e  

synthase b ut no s ig n i f i ca n t  serine d epe ndent cystei n e  synt hase act i v i ty :  these 

resu l ts have b een confi rmed by Hend r i c kson and Conn ( 1 969) . 

T h us the format ion of �-cyanoa l an i ne i n  l up ins can not b e  attrib uted 

to a non-spe cifi c seri n e  dependent cystei n e  syn thase , 

( i i) 0-A cety l Seri ne Dependent Cysteine  Synt hase 

Later work has shown that the  important enzyme i n  cyst e i n e  b i osynthesi s  

requi res 0-acety l ser i ne as  i ts substrate:  th i s  appl i es in  E,  col i  ( Kred ic h  a nd 

Tom pk i ns 1  1 966) 1 a nd hig her p lants (G i ovane l l i  and Mudd , 1 967; T hompson 

a nd Moore 1 1 966) . A n  i n terest i ng d i fferen ce b etween this cyst e i n e  synthase a nd 

t he one d iscussed above i s  that pyridoxa l phosphate d oes not st i m u l ate i ts 
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reaction , nor is ATP req u i red . I n  t hese respe cts the 0-a cety l serine dependent 

enzyme i s  sim i l a r  to r - cyanoa l an i ne synthase (sections 1 1 1 . 3  a nd 1 1 1 . 5) .  H ow ever, 

Hendri c kson and Con n  ( 1 969) have demonstrated that the two enzyme act iv i t ies 

are d is t inct  i n  l u pi ns, p-cyanoa lan i ne synthase act i vity occ urri ng i n  the 

mitochond ria and cyste ine  synt hase in the sol ub l e  portion of the cel l .  

( i i i) f -Cyanoa l an i ne Synthase 

Sect ions 1 ! ! . 2  to W . 5  of th is  t hes is,  and Hendri ckson and Conn ( 1 969) 

con tai n m uch i nformat ion about l upi n f -cyanoa l ani ne synthase .  The on l y  

know n  am i noacid substrates are cyste ine and 0-acetylserine; the on l y  know n 

other substrates arre cyan ide and su l ph id e .  T he formation of f- cyanoa l a n i n e  i s  

not effect ive l y  revers ib l e. f -Cya noa l a n i ne synthase i s  a m itochond ri a l  , 

enzym e w hi c h  can be eas i l y extracted and is reasonab l y  stab l e  b e l ow 50°C 

i n  neutra l  or s l ig ht l y  a l ka l i ne so l ution . The stab i l i ty is decreased b y  cystei ne 

b ut not by cyanid e .  lt may b e  a re lat ive l y  hyd rophob i c  prote i n  s i n ce i t  is 

so l ub l e  i n  60% a cetone a nd does not b ind read i l y to ion exchang e  materia l s  

(section m 0 5) 0 

N o  cofactorrs have been identifi ed ;  but  there is some ci rcumstan t ia l  

evid en ce that  the  enzyme may conta i n  bound pyridoxa l phosphate ( Hend ri ckson 

and Con n ,  1 969) . T i s  is a n  exam p l e  of the i ntrig u i ng sim i l ari ty between t his 

enzyme a nd the 0-acetyl serine depend ent cystei n e  synthas e .  Hend rickson 

a nd Conn a l so showed resemblances i n  substrate and cofactor requ i rements-,  

mol ecu lar  s ize,  and absorption spectra , w h i l e  they were estab l is h i ng 

c haracterist i c d i fferen ces . 
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Exogenous cyanide is converted to asparag i ne whereas su l phide i s  rapid ly  

oxid i�ed to  su lphate (section 1 1 1 . 2) .  As � -cyanoa l an ine synthase can cata lyse 

the exchange of the su l phhyd ry l g roup of cyste ine w ith s u l phide, the tota l 

lack of l abe l  in cyst(e) ine in  young p lants supp l .ed 
35

S-Hyd rogen su l ph ide 

suggests that  l up ins can d iscrim i nate b etween su l ph ide and cyan ide  i n  such 

a way that  whereas cyanide reaches the (presumab l y  mitochond ri a l )  s i te of 

the f-cyanoa lan ine pathway enzyme$, su l ph ide  does not . A pre l im i na ry 

experiment wi th 35so 4 2- suggests that etiolated l up in seed l i ngs can 

synthesise cysteine,  as expected . I f  th i s  is conf irmed ,  fa i l u re to i ncorporate 

su l phide m eans that exogenous su lph ide is not ab l e  to equi l ib rate w ith the 

poo l of su l ph ide invo l ved i n  cysteine b iosynthes is ,  and this wou ld  be further 

evidence of barriers to i n trace l l u l ar s u l ph ide movement . 

Thus, on the basis of arg uments from severa l d i rections, the hypotfles is  

that cyanide ass imi lation merel y  ref l ects a lack of specifi c i ty i n  s u l phide 

ass imi la tory processes m ust be regarded as untenab l e .  
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The -biosynthesis of cyanide is ach ieved by a remar·kab l e  variety of 

organisms ,  among whi c h  are representatives of the bacteria, fung i ,  and 

hig her p lants .  Two b io log i ca l  orig ins have been identified :  f i rst from 

cyanogeni c g lycosides (recently reviewed by Conn and Butler, 1 969) i n  p lants 

and in some fung i ( Stevens and Strobe ! , 1 968} , ond second , from �ycine in  

Chromobacterium v io laceum (Michae l s  et a l , ,  1 965) and possib ly  some other 

bacter<i a (Wissi ng ,  1 968) and fung i (Ward and Thorn, 1 966) , The pathways 

invo lved i n  the metabol ism of these precursors are d iscussed be l ow ,  and the 

poss ib i l i ty of sim i lar pathways operati ng in l upins considered . Then considered 

a re the possib i l i t ies of cyanide b iosynthes.is-start.ing from intemt«l iates of the 

urea cyc le  or from tetrahydrofo.late-l inked one carbon un i ts .  

( i )  Cyanogenic G lycosides 

The term 1 1 cyanogen i c  g l ycos ide1 1 has been used for each o f  a number 

of natura l l y  occurring g lycosides that have been iso lated , and w h i ch ,  on · 

hydrolysis, g i ve free cyan id e .  They a re found wide ly  d istributed i n  many 

p lant taxa , b ut even th01Jgh Conn ( 1 969) cou ld cite approximatel y  1 000 species, 

this is sti l l  on ly  a sma l l  proportion of known species . I n  a l l cases where the 

s tructure i s  known, the ag lycone i s  a cyanhydri n .  Conn and But l e r  ( 1 969) 

have l uc id l y  reviewed these substances, and th i s  review conta i ns a n  account 

of the recent experimenta l work that they carri ed out wi th Tapper to e l uc idate 

the b iosynthet i c  pathways i nvo lved . The cyanhydr in  ag lycones are structura l l y  

related to am inoacids, and i n  those p l ants that have been investigated there 

is a d i rect convers ion of the am i noac id in to the cyanogenic g lycoside ,  w i th 
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the retention of the <X.-omino n i.trogen and the ()l-carbon as the n i tri l e  g roup . 

R
1 _ H 
" / 

c -/ "-.. vCOO 
R2 CH 

""-NH� 
The pathway has not been complete ly  e l ucidated , but most l ike ly i t  i nvo lves the 

oxime derivat ives . 

H 
/ 

c 
"'- e H = N O H  

and cyanhydrins 

OH 
/ 

c 
""- c = N  

Ami noacids known to g ive rise to cyanogen ic  g lycosides a re pheny la lan ine,  

tyros ine, va l i ne and i so leuci ne; the  last three of  these were show n  i n  section 

1 1 1 . 7  (p .  98 } not to be effective precursors of asparag i ne i n  the b l ue l up i n .  

Unpub l ished experimer�ts referred to by B l umenthal e t .  a l . ( 1 968) l ed to  the 

sQme conc lus ion . Were cyan ide be ing synthesised by lupins from a cyanogen ic  

g lycoside, l abe l  would be  expected to  b e  found i n  the  amide g roup of  asparag i ne ,  

a s  observed by  Abro l  and Conn . (Abrol and Conn , 1 966; Abrol et a l . ,  1 966) i n  

cyanog eni c Lotus and Nand i na p lants .  I n  v iew of the rapid rate at  w hich  5 

day old l upi n p l ants are synthesising asparag ine,  these negative resu l ts a re 

evidence aga i nst  the mos t  common known cyanogenic  g l ycos ides be i ng i nvo lved 



i n  asparag ine  b iogenesis i n  l up ins ,  

( i i )  G l yc i ne 
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The bacterium Chromobacterium v iol aceum (Michae l s  and Corpe, 1 965; 

Michae ls et a L  .r 1 965) and possib l y  the snow mold fung us described by Ward 

and Thorn ( 1 966) convert g l yc ine into hydrogen cyanide, the cyanide carbon 

be ing deri ved from the methyl ene carbon of the g l yci ne .  The convers ion occurs 

w i t hout much d i l ution of t he l abe l , but  the mechanism is not known�  Conn and 

But l er ( 1 969) observed that there is no reason why an oxime pathway shou ld  not 

operate in th i s  case a l s.o ,  Th i s  i s  consistent  w i th the  observation of  Brysk et a l , 

{ 1 969) that the CX-am i no n i trogen i s  reta i ned .  The stud i es described i n  sections 

1 J i ,, 6 and I l l .  7 (pp . 87 & 96 ) suggest that g lycine g i ves rise to asparag ine  in l upi ns 

very s low l y; the pathways i nvo l ved seem to be  re l ated to the tricarboxyl i c  

acid  cyc le  o r  g l yoxylate cyc l e ,  rather than by  conversion t o  cyanide fo l lowed 

by entry i nto the f-cyanoa l an ine pathway . Thus l up ins that a re rapid l y  accum u l ­

ati ng asparag i ne appear not to synthes ise cyanide from g l ycine . The poss ib i l i ty 

that  cyanide i s  be ing synthesised from g lyc ine i n  a separate metabol i c  poo l 

cannot be  ru l ed out� but as  w i l l be discussed in section iV. 3 u  this is not the 

most l i ke l y  explanation , 

( i i i) Urea Cyc l e  I ntermed iates 

l t  was observed by Schu lze and Steiger as long ago as 1 886 that 

asparag ine accumu lation is accompanied by all"gin ine  accumu lat ion , a nd Rei fer  

and Bura,:::zewska ( 1 958) noted that add i ng arg i n ine  to the  m ed i um in  wh i ch 

pea shoots were g rowing stimu lated in tense asparag ine production . As l ater 

d iscussed (section IV. 3),  the am ide n i trogen of g l utamine  may g ive rise d i rect l y  



1 18 
·' 

to the amide g roup of asparag ine .  Now the nitrogen of carbamoyl phosphate 

comes from g l utamine in most t issues of hig her organisms, i nc l ud i ng h ig her 

p lants .  K leczkowski ( 1 965) showed (w i th  extracts of g reen pea acetone powders) 

t hat g l utam ine is 10  to 20 t imes more effective a precursor for citru l l i ne 

b iosynthesis than is ion i c  ammon ium; were cyanide to be derived from urea 

cyc l e  intermediates we cou ld  expla in  the apparent rol e  of g l utamine  i n  

asparag ine b iosynthes i s .  Anima l  systems wh ich  are not competent to cata l yse 

reactions of the p-cyanoa lan ine  pathway show a s imi lar preference for 

g l utami ne; this has been d i fferent ly expla i ned , as wi l l  be seen l ater. 

The poss ib i l i ty was considered that e ither the guanido g roup of arg i n i ne  

g ave rise to cyanide, o r  that cyanide and arg in ine  shared a common precursor 

s uch CJ!I' Corbamoyi phosphate� the cyanide cou ld then be converted to 

asparag ine . The i nvol vement of arg inine seems to be ru l ed out by the 

experiments described here . 

Carbamoyl phosphate is too unstab l e  i n  so l ution to supply d i rect ly �  

however, in  sol ution i t  is i n  equi l ibl!'ium with  cyanate and phosphate (A l i en  

a nd Jones , 1 964) . From the hypothesis be ing d iscussed here9 one wou ld  

p red ict that were the  
1 4

C-cyanate supp l i ed over a l ong pedod to p lants 

rapid ly synthes i s ing asparag i neu then l abe l  wou ld appear predom inat ly  in the 

amide carbon of asparagine .  I nsuff ici ent i ncorporation was observed to check 

t his prediction, possib l y  because of poor absorption of the cyanate . This  a nd 

the attempts to d emonstrate enzyme systems capab l e  of reduc ing cyanate or 

carbamoy l phosphate are i n  themse lves i nconc l usive, but the resu l ts do not favour 

the hypothesis that there is a c l ose connect ion between the urea cyc l e  and 



asparag i ne b iosynthesis . 

( i v) Folate D er ivat ives 
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Another possib l e  source of cyanide that cou ld  enter the f-cyanoa lan ine 

pathway is the so ca l l ed " one carbon poo l "  associated wi th tetrahydrofo l ate . 

I n  p lants it wou ld  seem that the most important source of this  poo l wou ld  b e  the 

carbon 3 of seri ne .  Cossi ns ( 1 964) and Coss i ns and S i nha ( 1 965) have i nvestigated 

t he metabo l ism of formate and m ethano l i n  p lants; as might  b e  expected l abe l  

rapid l y  appears i n  seri ne and l esser amounts i n  other am inoacids . Very I i t t l e  

l abe l  was detected in  asparag ine .  Experimenta l  work described in  th is thesis 

streng htens the v iew that fo l ate derivatives are not i nvol ved i n  asparag ine  

b iosynthesis, s ince serine i s  not an  effective precursor of asparag i ne ( Se ct ion 

I l l .  7) . Were C4 of asparag ine derived from C3 of serine, and the other three 

carbons of asparag i ne deri ved more d i rect l y  from serine a lso, one wou l d  expect 

t hat when U-( 1 4C)- serine is supp l ied to p lants rapid ly synthesisihg aspa rag ine,  

then asparag ine  wou ld be rapid l y  and asymmetrica l ly  labe l l ed .  This is not the 

case ( 1 1 1 . 7, p. 97 ) .  

Formamide cou ld b e  p l ausib ly derived from the one carbon poo l . l t  

cou ld a l so be  derived from carbamoyl phosphate . No evidence was found to 

suggest  that formam ide cou ld be dehydrated to cyanide (sect ion 1 1 1 . 8) or 

that it cou ld serve as a substrate for f -cyanoa l an ine synthase {sect ion ! 1 1 .  5,  

tab l e  1 1 1 . 5 . 4) .  
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I n  the i n troduction i t  was suggested that the f -cyanoa l an ine pathway 

m ig ht resu l t  from a lack of specifi city in  cystei ne synthase, or -that i t  m ight  

be  important pathway i n  asparog ine b iosynthesi s .  The first suggestion 

can now be e l i m inated (section IV. l ); , i n this section the more l i ke ly pathways 

of asparag ine b iosynthesis wi l l  be discussed . T hree p l ausib l e  precursors of 

asparag ine are known �  f -cyanoa lani ne, r-oxosuccinamate, and aspartate; 

and the evidence for each of these as an asparag ine a precursor w i l l  be 

considered . 

( i )  �-Cyanoa l anine 

T he on l y  known pathway of �-cyanoa l anine b iosynthesis i s  from cyan ide 

and cysteine or seri ne.  The p-cyanoa lan ine pathway can operate in  cyanogenic 

p lants, as discussed in the preced ing section .  These,  however0 are on l y  a large  

m i nority of  a l l p lants; even i n  these there is no evidence that th i s  i s  a ma ior 

route of asparag ine biosynthesi s .  

B 1 4 
Labe l led 

I 
-cyanoa l an ine is probab l y  formed by a l l p lants when H CN 

is supp l ied to t hem ,  but i n  on l y  a few does i t  accumu late free or as a 'i -g l utamy l 

peptide; i n  part icu lar, this happens i n  some l eg umes, members of the genus Vicia 

( Be l l ,  1 966) . These provide usefu l materia l
_ 
for stud ies of r-cyanoa l an i ne 

b iosynthesis, as they do not further convert th i s  am inoacid into asparag ine  

(Fowden and Be l l  .. 1965) . Some of these species (e. g .  V. a ng ustifo l ia) a re 

known to synthesise vicianin ,  a cyanogen i c  g l ycoside derived from phey l a l an i ne .  

When pheny l a l anine-2-( 14q i s  suppl i ed to these, l abe l  appears i n  f-cyanoa l an i ne 
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w i th a trace i n  asparag ine (Tschiersch, 1 966) . However, when pheny la l an i ne is 

supp l i ed to V. sat'i va,  another p-cyanoa lan ine  accumul ator, no s ign ifi can t  l abe l  

appears in p -cyanoa l an ine or  asparag ine (unpub l ished data quoted by B l umentha l  

et  a I .  , 1 968; R e  ss I e r  e t  a I .  1 969) . 

There is some confusion in  the l i terature on the taxonom ic status of these 

p lan ts, Conn ( 1 969) wri tes 11 C iose l y  re l ated i f  not ident ica l  spec ies may d iffer 

g reat ly in this s ing l e property of cyanogenic i ty .  Thus, common vetch (Vi c i a  

sat i va L . )  does not conta i n  a cyanogenic g l ucoside whereas Vi cia ang usti fo l ia L ,  

w h i ch many botan ists cons ider as a variety of V .  sat iva, is the pl ant i n  wh i ch 

the cyanogen v ic ian in  occu rs 1 1 • A l thoug h Conn ' s  V .  sat iva does not conta i n  a 

cyanogen, Ress l er et  a l . ( 1 969) quote older l i terature to the effect that V .  sat iva 

seeds do contain a cyanog en . l t  is not c l ear  whether this cou ld in  fact refer 

to V .  angustifo l ia; however, Ress l er et a l . d ist i nguished between V .  sat iva and 

V. ang ust ifo l ia and detected l ow l eve l s  ( l OO ngm/gm seed) . of HCN in the i r  

V .  sat iva seeds . The negat ive resu l ts of feed i ng pheny la lan i ne ,  tyros ine ,  i so l eu-

c i ne and va l i ne (quoted by B l um entha� et a l . ,  1 968) suggest that seed l i ngs of this 

p l ant a re not syn thesisi ng know n cyanogen ic  g lycosides .  

As Ress l er e t  a l .  ( 1 969)· observed , Vic ia  sat iva seed l ings synthesi se 

f -cyanoa lan i ne and �-g l utam y l -f -cyanoa l an i ne when g rown under ster i l e  

cond i t ions . Four possib l e  mechanism for this a re ( 1 ) the plants can synthes is  

t-cyanoa lan ine by an unknown pathway; (2)  the p lants can synthesise cyanide 

by  an  unknown pathway; (3) the p l ants on ly  synthesise cyanogens at a part i cu l a r  

stage i n  thei r g rowth cyc l e, e . g .  i n  the senescent stage or i n  maturing seeds; 
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(4) exogenous cyan ide i s  requi red for p -cyanoa lan i ne fonnation .  

The  f irs t  poss ib  i I i ty seem_s u n I i ke  I y; on I y asparag ine is a Hke I y precursor, 

and no evidence has been reported of th is being converted to f -cyanoa lan i ne .  

The enzyme that cata l yses the reverse reaction i s  a ctua l l y  absent i n  the very 

species that accumu late the f -cyanoa l anine der ivat ives (Fowden and Bel l ,  

1 965) . The second possib i l i ty is a l so un l ike ly  i n  v iew of the conc l usions 

reached in the previous sect ion . The th i rd poss ib i l ity deserves rather more 

consideration; i t  wou ld  be  important to know the source of the cyanide detected 

in the seed materia l .  This  may have been synthes i sed at a l ate stage i n  the 

l ife cyc l e .  The fou rth possib i l i ty i s  re lated to the 1 1 cyanide cyc l e1 1  proposed 
I 

by A l i e n  and Strobe l  ( 1 966) and Strobe!  ( 1 967) . This  is a proposed cyc l i ng of 

HCN between so i l  m i c roorganisms and p lants . Resu l ts in sect ion 1 1 1 . 4  (p .  52 ) 
suggest that seed l i ngs may be ab le  to assim i late the low l eve ls  of HCN such as 

cou ld occur in thei r environment . 

Thus presen t know ledge of f -cyanoa l an ine metabol ism i n  Vicia does 

not l eall to unequivoca l sol ut ions to prob l ems about  the ro l e  of the r -cyanoa l an i ne 

pathway . 
· 

The accumu lat ion of p-cyanoa lan ine i n  spec ies not known to be  cyanO'>­

g:en i c  s uggests that the. p l a�ts have 9ccess to an  u nknown source of cyanide .  As 
. I . 

we have seen , this argument is not conc l us ive . These plants can· presumab l y  a l l  

synthesise asparag i ne,  which i s  a protei n  am i noac id . · I n  those species l ack i ng  

f-cyanoa lanine hydratase, th is  would argue aga i nst  the f -cyanoa lan ine patl\t­

way be i ng important  in asparag ine b iosynthesis . 



1 23 

I n  the re lat-ed genus Lothyus there are no known cyanogeni c  spec ies .  

These l egumes d o  not accumu l ate f -cyanoa lan ine,  but some spec ies ( Be l l ,  

1 966) accumu late f-am i no propionitri l eu wh i c h  could be produced b y  t he 

decarboxy lat ion of f-cyanoa lan ine, as i ts )(-g l utamyl peptide .  Tsch iersch 

( 1 964) showed that  th i s  became l abel l ed i n  the ni tri l e  group when H
1 4CN 

was suppl ied to L odoratus seed l i ngsu wh ich  have no known source of 

endogenous cyan id e .  Labe l  a l so appeared i n  asparag ine. The b iosynthesis  

of  t -am i nopropion i td le by L . odoratus, thereforeu poses a s im i la r  prob,em 

to f-cyanoa lan ine synthesis i n  Vicia .  I n  th is case i t  is possib l e  that6 at 

certa in  stages in the l i fe-cyc le ,  asparag i ne i s  converted to r-cyanoa lan i ne 

and then decarboxy lated u  or cyan ide is synthes ised by some unknown path-

way: however, exogenous cyanide is an a l ternat ive possib l e  source of the 

n i tri l e  group . 

This wou ld agree with the situation in  l upins .  Lupi n seed l ings deve lop 

t he enzymes of t he f-cyanoa lan ine pathway earl y (figures m . 4. ] to m . 4 . 3) ,  

b ut th is does not appear to  be  re l ated to asparag ine b iosynthesus .  There are 

substant ia l l eve l s  of f-c'/anoa lan ine syn hase i n  younger seed l ings that are 

synthesis ing neg l ig ib l e  asparag-i ne (Hgure 1 ! 1 . 4 . 1) and pl ants of tha s age have 

a hig h capaci ty to metabo l ise cyanide (figure m . 4 .3 ) .  The co nncid ence of 

maximal  r-cyanoa lan ine synthase and maxima l rate of asparag ine a ccum� lation 

a t  day 5 (fig ure ! 1 1 . 4 . 1 )  a re probab ly on l y  two of mdny b iochem ica l  chang es 

a ssociated � i th morpho log ica l  changes that occur as the p l um u l e· commences 

d eve lopment . Attempts to d emonstrate a source of erd:ogenous cyanide i n  

l upi ns have fai l ed .  As w i l l  b e  d iscussed be low ,  the data i n  sect ion 1 1 1 . 6  
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suggests that a major pathway of asparag i ne b iosynthesis i n  l upi ns- is from 

aspartate.  So i t  seems reasonab l e  to suppose that a l thoug h l up i ns possess the 

enzymes of the r -cyanoa lan ine pathway, these are not of major importan ce 

i n  asparag ine b iosynthesis . Th i s  pathway may be of secondary importance i n  

e nab l i ng the p lant to uti l i se HCN from i ts env i ronment . 

( i i )  f -Oxosuccinamate 

Anima l s  (Meister and F raser, 1 954; Lerman and Mardashev, 1 960) a·nd 

p l ants ( Suzuk i ,  1 959; Guitton ,  1 963) possess asparag ine am i notransferases; 

C i ncerova ( 1 969) has recent l y  stud ied the specifi c i ty of t he wheat enzyme 

and shown that g l utamate is the preferred second am ino ac id . The ol-ketoacid 

correspond ing to asparag i ne i s  the r-am ide of oxa loacet i c  acid, or ,-oxo­

succ inam i c  a cid . 

As yet u asparag ine i s  the on ly  known source of r-oxosuccinamate i n  

l iv i ng t i ssues . Another pathway considered i nvo lves the cGJrbamoy lat ion of 

pyruvate; one can envisage a p lausib l e  mechanism for the react ion between 

carbamoyl phosphate and pyruvate: 

0 
,; 

c 

I '  N H2 
� C H2 

' 
C = O  
I -
coo 

+ P. I 

No e nzyme catalysing this  reaction has been described from a ny source . 

The negative experiments wi th  1 4c cyanate and pyruvate (section 1 1 1 .  7) are 

i n conc l usive because the p lant  may not have absorbed the precursors �ffect ive l y; 

and so a l though this  pathway i s  un l ike ly  i t  d eserves some further considera tion . 
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( i i i) Aspartate 

The b iosynthesis of g l utami ne from g l utamate is a w e l l  known react ion . 

The enzym e i nvo lved (g l u tam ine synthetase) has been purif ied from a number  

o f  sources and its reaction m echanism i nvestigated . l t  cata l yses an A TP- 1 i n ked 

am idation of g l utamate , w i th  an enzyme bound '{ -g l utamy l  phosphate as an  

in term ed iate:  

.#0 0 0 c� c/ c� 
I "'-o- 1_TP  l "o ® N H

+ I '" N H2 I!!! 1 �  ... 
CH2 

"\op CH2 P. 
CH2 I I I I 

CH2 CH
2 CH2 I I I 

CHN H; CHN H; C HN H; 
I - I - I -coo coo coo 
A para l l e l  reaction w ith aspartate wou ld g i ve asparag i ne, and such 

an asparag ine synthetase was described by Webster and Varner ( 1 955 a & b) 

from wheat and l up in t issues . A I  Dawody { 1 96 1 )  described a purifi cat ion of an  

asparag ine  synthetase from yeast that i s  v i rtua l l y  ident ica l  to mamma ian g l ut� 

m i ne synthetase except , of course, for the substrate and product�  He a l so c l a imed · 

to have dtected asparag i ne synthetase n n  cel l  free extracts of pig heart and 

l iver, dry peas9 and pea and · l opin -seed l i ngs . AI  Dawody, Varner and Webster 

( 1 960) described asparag ine  biosynthesis from aspartate in t issue sections of l en ti l 

seed l i ngs,  i n  which the d istribution of 
1 4

c i n  i so lated asparag i ne
-
appeared to 

be  identi ca l to than i n  t he D L- asparta te-4 
14

c supp l i ed .  

Th is  work has not been confirmed .  No detai I s  of the part ia l  pull'i frcation 

of asparaaine synthetase have been pub l ished s ince the i ni t ia l  abstract 
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(Webster and Va rne r, 1 955a) , a nd of the other work b y  the sam e a uthors 

Me ister ( 1 962) says , 1 1Ai thoug h the wheat g e rm  system was reported to 

·. 1 h · · f 1 4c · · · h cata yse t e r n corporat1on o aspartate r nto asparag r ne r n  t e 

presence of mag n esi um ions, ATP, and ammonia , the incorporation 

was extremely l ow and net synt hesis  of asparag i n e  was not observed . 

Attempts to carry out this and s im i lar  reactions in  the author's l aboratory 

have not been s u ccessfu l . 11 Fowden ( 1 967) a l so noted the w eakness of t h e  

evid en ce for asparag ine synt hetase in h ig her p l a nts . Lees et a l . ( 1 968) cou ld 

not detect any asparag ine synthetase activity i n  extra cts of wheat and l up i n  

t i ssu e .  O n  the other hand , Oa ks ( 1 967) d escribed sig nifi cant b u t  low con­

versions of 1 4c aspartate i nto asparag i ne in homog enates of wheat p l a nts , 

' a nd Nair  ( 1 969) has described an enzyme from � -i rrad iated potatoes 

w i th propert ies very l if(e those of Webster a nd Varner' s enzym e .  The 
/ 

a ttem pts to demonstrate an aspa rag ine synthetase described i n  section 1 1 1 . 8  (p. IOS ) 

.. confirm the res u l ts of Lees et a l . rather than Webster and Varner; the d ata i n  

sections m .  6 a nd m . 7  shows t h e  d istrib ution o f  lab e l  in  asparag i n e  synthes ised 
' 

from C4 labe l l ed aspartate by l upins to be d i fferent from that described by A I  

'D awody et a l . ( 1 960) . 

S ince the report of A I  D awody { 1 960) , a number of workers (Patter.son 

'a nd Orr, 1 967" 1 968; Ho l cenberg and Pease , 1 968; Hol cenberg ,  1 969; Prager 

a nd Bachynsky, 1 968 b)  have d escribed asparag ine synthetases from a va riety of 

m amma l ian sources . A l thoug h these reports d i ffer i n  detai I (se ction IV .  4,  be low) 

t hey ag ree that mamma l ia n  asparag i ne synthetase in vitro wi 1 1  uti I ise anmonium 

i on or g l utam i n e  as the am ide g roup n i trogen donor, with  a preferen ce for the 
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la tter; the react ion mechanism of the enzym e stud ied by Patterson and 

Orr ( 1 968) i nvo l ves enzyme bound 

ATP 

\. 
l 
PP . I 

r-asparty l  adenyl ate 

/0 
c 

"-. 
OAMP 

if 
g l u .  

+AMP 

C H
2 I 

C H N H; 
l -coo 

The preference for g l utamine exp la ins the conversion in an ima l tissues 

of g l utam ine am ide ni trogen to asparag ine amide n i tll'ogen,  as observed by 

· Levin tow ( 1 957) 1 and Levin  tow et a i . ( 1 957) . 

Thus the enzym e d escribed i n  anima l tissues i s  sim i lar to the bacteria l  
. •  

• asparag ine synthetases described i n  Lactobaci l l us arab inosus (Rave i e t  a l , 1 

1 962) , Streptococcus bovis ( Burcha l i  e:t: a l . u 1 964) , and Escherichia co l i  

(Cedar and Schwartz , 1 969 a & b) . These a l so i nvol ve a p-asparty l 

adeny late i ntenned iate1 a l thoug h they are specif i c for ammoni um ion as ni trog en 

donor. 

Now asparag ine is a ubi qu i tous prote in  ami noacid; we cou ld , then, 

expect i ts b iosynthesis in  p lants to resemb le  the process in other eukaryot�s 

such as hig her anima l s .  There are ind i cat ions that this is so . Lerman and 

Mardashev ( 1 960) quote work by Bauerova and Shonn ( 1 959} which demonstrates 

a transfer i n  rape seed l ing s  of g l utami ne amide n itrogen to asparag ine,  

s im i lar to the process i n  animal  tissues . I n  a review Kretovitch ( 1 965) 

quotes work by his own group which d emo nstrates that n i trogen is assim i lated i nto 
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g l utam i ne more d i rect l y  than i nto asparag ine,  and among the materia l s  

m entioned are l upi n and vetch  shoots . 

I n  section i i L 6 i t  was d emonstrated that fumarate and aspartate are 

effect ive precursors of asparag i ne .  Compqrisons w i th g lyc ine  (tab l e  11.) . 6 . 4  

p .  89 ) ,  and w i th  serine and other stJbstances (section J I L 7) show that 

t hese d i carboxy l i c  acids are more effecti ve than possib l e  precursors of 

� -cyanoa lanine pathway i ntei!TI'led iates . The data in tab l e  I I L 6 . 5 (p . 90 ) 

· s how that the caibon skel eton of the four  carbon d icarboxy l i c  acids is  

retai ned i n  the asparag ine . Si nce asparag i ne  from the p l ants fed 1 ,4 14c-

fumarate had sig n i fi cant ly l ower  portions of lab e l  in C-4 than that produ ced 

14  
from 4- C- aspartate, t he  carbon ske leton o f  asparag ine is probab ly  derived 

d i re ct l y  from aspartate . Comparison of the deg radation data of the aspa rtate 

a nd asparag i ne i so lated from the same plants (tab l e  1 1 1 . 6 .  5 I P · 90 ) 

s hows that a d iscrete poo l of aspartate i s  i nvo lved i n\asparag ine  b iosynthes is .  

Thus the data in  section m . 6  provide evidence t hat l upin seec ; Ui ngs  

possess an  asparag ine  synthetase., even thoug h th i s  has not been d emonstrated 

i n  a ce l l free system . There are a l so i nd i cat ions that g l utami ne is the preferred 

amide n i trogen d onoru wh i ch pan:� l le l s  the obse!rVations mad e  in animal systems .. 

T he reprt of Nai r  ( 1 969) on an asparagine synthetase from potato m ust,  however., 

b e  considered . This  enzyme produces AD P a nd  inorgani c phophate as products , 

a nd uses ammoni um ion as substrate: g l utami ne was not tried . Meister ( 1 962) 

offered an a l ternative exp lanation for some s im i la r  data of Webster and Varner 

( 1 955 b) .  The  enzyme be ing studied may b e  aspartate k i nase, w h i ch produ ces 

f -aspartyl phosphate; th i s  is a reactive spec ies and cou l d  u ndergo non-enzym i c  
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react ions l ead ing to f-asparty l hydroxamate, or asparag ine .  Noi r  ( 1 9.69) 

has documented his  en�x.m e  more convincing l y  t han the earl ier  workeD, bu t  

does not seem to have e l im inated this possib i l i ty; he  a lso used hig h concentrat ions 

of reactants in his assays (e . g .  30mM N H; ) .  I f  h is work is  confi rmed , it wou ld 

m ean that the asparag i ne synthetase from at  l east som e higher p lants are more 

ak in  to g l utam i ne synthetase than to animal and bacteria l asparag ine synthetases .  

The view that aspartate is  important as an asparag ine  precursor is  not 

agreed with by Ress l e r  et a l . ( 1 969) . They stud i ed the specifi c activ i ty of 

asparag ine iso lated from p lants after supp ly ing various rad ioactive precursors 

for periods of up to eight days . They found t hat cyanide and f -cyanoa l an ine  

a ppeared more effective than aspartate. However, in  view of the extens ive 

a nd var ied metabo l ism of aspartate observed even i n  one hour, (section 1 1 1 . 6)1 

one would expect only a sma l l  port ion of the rad ioactivi ty from exogenous 

aspartate to appear in asparcg ine  after a per iod of days, w hereas cyan ide a nd 

r- cyanoa lan ine wou ld be  a lmost exc l us ive l y  converted to asparag ine .  Furtheru 

w hereas the exogenous aspartate w i l l  be rapid l y  d i l uted by new ly synthesised 

aspartate , exoge nous cyanide and f-cyanoa l anine w i l l  retai n  their i ni t ia l 

spec ifi c act iv ity un less there are other unknown pathways to these i nteiiTTled iates .  

I n  v iew of what has been said before, this l ast possib i l i ty i s  un l ike l y .  
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I n  the previous section i t  was con c l uded that the pri nc ipal  b iosynthet ic  

route to asparag i ne in hig her p l ants i s  probab l y  from aspartate . Here, 

mamma l ian asparag i ne b iosynt�esis wi l l  be  d iscussed more fu l l y,  for the 

d i ffi cu l t ies encountered in iso lat ing asparag ine synthetases in anima l tissues 

cou l d  provide a va l uab le  gu ide for further i nvestigation of the p lant systems .  

This  i s  used to develop a mod e l  of l up in  asparag ine metabo l ism . 

I nterest i n  I'I"K!mmal ian asparag in'e" b iosynthes is  was k ind l ed by the· d i s-

covery of the anti - l eukem ic  activity of asparag inase . Adamson and Fabro ( 1 968) 

have reviewed d evelopments from the ear ly  observations of the benefi cia l effects 

of g ui nea pig serum , wh ich  is remarkab l e  for i ts h igh asparag inase activity . 

Patterson and Orr ( 1 967) provided eviden ce of a corre lation between asparag i nase 

susceptib i l i ty and low asparag ine  synthetase activity in many tumors; these tumors 

d epend on serum aspar:ag i ne for growth .  Th i s  corre lat ion has s ince b een observed 

i n  severa l  mammals,  i ncl ud i ng man (Prager et a l . ,  1 969) · 

( i )  Mamm a l ian Asparag i ne Synthetases 

Partia l purif ications of asparag ine synthetase have been reported by 

Patterson and Orr ( 1 968) from the Novikoff hepatoma, and by Ho l cenberg 

( 1 969) from gu inea pig l i ver. The latter enz yme is rep)rted to require a hogh 

+ + 
sa l t  con centration for activi ty; and the cation  must be N H  

4 
or K and the 

anion so!- . Other common ions are i neffective, or i nh ib i tory .  G l utamine 

i s  preferred to ammonia even in  the presence of ammonium su l phate . The 

Novikoff hepatoma enzyme does not requ i re hig h sa l t  concentrations; and 

nei ther does t he enzyme d escribed from norma l  and mal ig napt mouse t issues, 
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and from g ui nea pig t issue,  by Prager and Bachynsky ( 1 968 b) .. I n  thei r 

experiments ,  asparag i ne synthetase was found to be  m icrosomal i n  norma l 

l i ver, a l though the supernatant fraction from ma l ig nant tissue contained a 

substantia l  portion of the activity. Aspai):Jg i nase was present in the 

supernatant in  a l l  cases . Prager and Bachynsky homogen ised their  tissues w ith 

a sucrose med i um contain ing ca l ci um ch loride; Hocenberg ,  w ho purified 

his enzym e from the 105,000 x g supernatant,  and Patterson and Orr, w ho 

purified theirs from a 20,000 x g supernatant, used a sim i lar  m-ed ium but  w i th 

magnes ium ch loride i nstead of ca l ci um ch lorid e .  This may account for the 

d ifferent resu l ts .  I f  mamma l ian asparag ine synthetase i s  membrane bound the 

association is l oose . 

( i i) Organisation and Contro l of Asparog i ne Synthetase 

Asparag i ne b iosynthesis in animal  ce l l s appears to b e  separate from 

other m etabo l ic processes . For examp le �"  asparag i nase is present i n  the same cel l s .,  

a possib l e  explanation for earl ier  fai l ures to  d etect asparag ine b iosynthesis . leuman 

and Mardashev ( 1 960) reported extensive d i l ution of the specifk activity of 

aspartate during conversion to asparag i ne,  and suggested that either there i s  an 

i ntermediate b etween aspartate and asparag i ne ,  or  there are a l ternative pathways 

of asparag ine b iosynthesis, one of wh ich does not invol ve aspartate. Puszk in 

et a l .  ( 1 970) studi ed the b iosynthesis i n  h uman p la telet of  aspart-ate and -asparag in e  

from label led g l ucose and acetate, w i t h  s im i la r  resu l ts; they conc l uded that the 

aspartate pool in asparagine b iosynthesis is d ist i nct from the main  aspartate pool .  

This exp lanation seems the more l ike ly,  and ag rees with the s i tuation in  l up ins 

(section 1 1 1 . 6) .  
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Thus asparag i ne b �osynthesis in mamma l s  is organ ised into a separate 

poo l . l t  i s  probab l y  sub ject to contro l . Bot h bacteria l  and mammal ian 

asparag ine synthetases are in hibi ted by  asparag i ne .  Ho l cenberg { ] 969) 

obseO"Ved a strong i n hib ition of g uinea pig enzyme w ith g l utami ne as substrate 

b ut on ly  weak i nh ib ition w i th  ammonium . Patterson and Orr ( 1 968) , -us i ng 

g l utam ine as substrate, observed strong i nhib it ion of the Novikoff hepatoma 

enzyme that d id  not obey the c l assi ca l  kneti cs of competit ive or non 

competitive i nh ib i t ion; as ammonium and g l utam ine appear to a ct a he  same 

s i te, some ki nd of a l losteric control  wou ld  seem more l i ke ly  than simpl e 

end product i nhib i tion . 

Patterson and Orr 0 969) found tha he l eve l  of asparog ine syr:�thase 

in rat tissues is c lose ly  re l ated to asparag ine  requi rement .. a nd is g rea l y  

i ncreased und er cond it ions w here a ct ive Hssue 9!1'owth l s  i nvo lved u w hether 

this be norma l regenera ion or a tumor. i ncreases are also observed fi n  

animals  i n iected wHh asparag inas and w ith an ima ls fed asparagfine d efi dent 

d iets: the i ncrease was found to be just suffi c ient to bring t e aspamg fine 

poo l s ize up to the noii1Tla l contro l s .  This suggests an  em cient contro l mechanism . 

Prog er and Bachynsky ( 1 968 a) found a doub H ng time of 4 hours for asparag i r.e 

synthetase activity after asparog inase treatment of asparagi nase resistant 

mouse l ymphomas., w i ch they i nterpreted in tenns of a d erepression mechan ism . 

This  mig ht a l so exp la in  how 11 i n  cu l tures of asparag i ne-requi ring Jensen 

' 

sarcoma ce l l s ,  variants can appear with  the abi i Hy to synthesise asparog ine:  

these consistent l y  appear even in  cu l tures de rived from a si ng l e  ce l l .  However, 
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Patterson et a l .  ( 1 969) be l i eve these to be  spontaneous mutants . 

T hus mamma l ian  asparag ine synthetases are under metabol i c  contro l , 

b ut l i t t l e  i s  known of the mechan ism of th is process as yet . 

( i i i) Asparag ine Syntbesisi i . i n· :ch i cken· Liver 

One recent study of asparag i ne b iosynthes i s  has been made i n  a non-

, mamma l ian animal  system . Arfi n ( 1 967) i nvest igated homogenates of ch i ck 

embryo l ivers, and found that in these g l utam i ne was requ i red for asparag i ne 

b iosynthesis, and another unident if ied factor was a lso requi red .  Asparag ine  

synthes is  wou ld on l y  occur i n  t he  presence of  ce l l supernatant and i ntact 

m i tochondria; the supernatant fa ctor was protei n  in ragture and possib l y  corres-

ponds to mamma l (rjo : , asparag i ne synthetase . The m i tochond ria were req0 red 

to supp l y  energy, b ut ATP generati ng wystems cou ld not replace them � neither 

cou l d  m i tochondria from hatched chi cks a l thoug h the 5upernata nts were sti l l  

act ive . A range of nuc l eoside triph�phates w ere al l i neffecti ve or i nhib i tory . 

No furhter work on this has been  pub l i shed yet .  

( iv) Appl i cation to Plant Systems 

I f  p lant asparag ine  synthetases are s im i lar to the enzym es from cather 

eukaryotes,. d iffi cu l t ies in detecti ng it i n  ce l l  free systems wou ld be ant i cipated . 

T he h ig h asparag i ne content of p lant ce l l s  may b e  strong l y  i nh ib itoryu-- and 

comp le te remova l may be d iffi cu l t  i f  the enzyme is unstab l e  (section I l L S) .  

H igh  sa l t  concentrations or other unexpected cofactors may b e  requi red for 

a ct i vi ty .  To detect the E. co l i  enzyme, Cedar and Schwartz .( 1 969 a} 

cu l tured a stra in  l ow in asparag i nase, and added the asparag i nase inh ib i tor 5 

-d iazo-4-oxo- L-norva l i ne as w e l l .  The latter may prove usefu l i n  p lant systemsu 

for the conve-.ion of  H 
14

CN to l ab e l l ed aspartate (section 1 1 1 . 4, p.  56 ) 
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sugg ests that l up ins do have the ab i l ity to convert some asparag ine 

( that d erived from r -cyanoa lanine) to aspartate, a l thoug h the enzyme 

responsib l e  appears to be kept separate from the re l ative l y  i nert poo l of 

a ccum u lated. 

The changes in  asparag i ne content d uri ng d evelopment (fig ure. 1 1 1 . 4 .  1 1  

p .  58 ) imp ly some contro l  of i ts b iosynthesis . Some attempts to iso late 

asparag ine synthetase from p lants may have fai l ed because asparag ine 

synthesis was very s low at  the stage of development chosen . Lupi ns (5 days 

o ld) wou ld appear to be part i cu lar ly favorab l e  in this respect .  The 

asparag ine synthetase activity d escribed b y  Nair  ( 1 969) was increased up 

to seven-feld by '{ -i rrad iation , possib l y  by  some derangem ent of contro l 

m echanism . 

(v) A mode l  of Asparagi ne Metabo l i sm 

The data presented i n  this  thes is  can b e  exp l ained b y  the mode l  I l l ustrated 

i n  figure IV. 4 . ] ,  This is  constructed by a nti c ipat ing a resemb l ance betw een 

animal  and p l ant asparag ine b iosynthesis .  The mod e l  incorporates the 

i nterpretation of the data i n  section � � � o 6  advanced before; aspartate synthesis 

is supposed to b e  most acHve in the m i tochondrion o This can expla in  the 

d istll"ibution of l ab e l  in aspartate after supp ly ing carboxy l l abe l  l ed fumarate 

(section m .  6); carboxy l g roups of fumarate t hat enter plant mitocho ndria l  

pathways are rapid iy  l ost as  carbonate (T i  tlli and Sp l  Uttstoesser, 1 969) , and 

on ly  labe l  that enters the 4-C d i carboxy l i c  a cids l ess d i rect ly (e . g .  via 

carbohydrate) i s  retained . T he labe l  observed i n  i so lated aspartate is- pre-

dom inant l y  that of m i tochond ria l aspartate, w hi ch is i n  equ i l i b ri um w ith  the 

m i tochondria l 4-C adds . 
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The s ignHi cant preponderance of l abe l  i n  asparag ine C-4 w hen C-4 

l abe l l ed aspartate is supp l i ed is eviden ce for aspartate be ing the d i rect 

precursor of aspor�g i n&;- the s imi l ar predom i nance in C- 1 when carb oxy l  l abe l l ed 

fumarate i s  suppl i ed can s im i l ar ly  be  i n terpreted as an effect of d i l u ti on of 

C-4 throug h the equ t l ib rat ion of C 
4 

d i carboxy l i c  acids and pyruvate . 

Thus present know l edge can be i ntegrated i n to a consistent mod el . 

Th is  l eaves the f -cyonoo l on i ne pathway os o separate mi tochondri a l  

pathway wh i  eh .converts exogenous HCN to  asparag i ne,  and does not  appear to 

p l ay an important ro l e  in asparag i ne b iosyn thesis . Whether i t  has a nutrit ional 

ro l e  in a cyan ide m ic rocy c l e  (A l i en and Stobe l ,  1 966; Strob e ! ,  1 967) , or i s  a 

detox ication pathway (Conn and But l er, 1 969) for a powerfu l respi ratory poison , 

w i l l  be more d i ffi cu l t  to assess; but the m i tochond ria l  l ocation of r-cyanoa lan i ne 

synthase , c l ose to the s i te of respi ratory a ctiv i ty, favours the l atter suggestion . 
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