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,"; I." M .M A R Y 

A'l'l>-sult>hurylase (adenosine trit)host)hate-sulfate adenylyltransferase, IrA7 
2.7.7.4) in spinach leaves was found to bc associated with chh)r()l)last fractions prepared 
in non-aqueous s()lvents, since the enzyme leached ()ut of the chh)roplasts during 
their isolation in isotonic buffer systems. 

A new assay using the lueiferin-luciferase enzyme system ()f the firefly, l)hotinus 
Avralis, was used to folh)w a 53-fi)ld puritk'ati()n ()f t he enzyme fr()m extracts of spinach 
hraves. The Km values for adenc)sine-5'-phosphosulfate (AP,q) and t)yrophost)hate for 
ATl>-sulphurylase determined by" the firetly assay art' o.47 t,M ;tnd 3.o pM, respective- 
]\ ' .  

ass iAPS was formed fiom asS()~" in extracts ()f higher plants (Sflinacea oh'racea, 
Lathyrus odoratus and A;,cna saliva), a-'S-labeled 3'-phost)h()adenosine-5'-t)hosplao- 
sulfate ,a~s IPAPS was not detected in these plant extracts; however, both :asS[APS 
and (ass PAPS) were fi)und in extracts of('hlorclla vulgaris. In flagmented ehh)rol)lasts 
fr()m spinach leaves, about 17(.'£, ()f ia'~S],\PS added was converted t() sull)hate, lint 
:)5,q APS was nt)t reduced in these prel)arations e v e n  in  the prcsen('e ()f reduced 

glutathione. 

I NTR()I)I 'CTI()N 

ATP-sulphurylasc (aden()sine triph()sphatc sulphate adenylyltransl\~rase, EC 
2.7.7.4) catah'ses the activation ()f sulphate by ATP forming adenosine-5'-phosi>h()- 
sulfate (APS) and liberating pyrol)hosl)hate. This reaction, first reported in \'east 
and livcrL2, is the first step in the metabolism of sulphate in both assimilatorv and 
(tissimilatory sulphate reducing organisms. A sec()nd enzyme, APS-kinase (adenosine 
trit)ho.~phate adenylyl sulphate 3'-t)hosph()transfi'rase, F.C z.7.i.25) further activates 
APS to 3'-t)hosph()adenosiiu>5'-t)hosphosulfate (PAP.q) in the assimilat()rv system. 
()n the ()ther hand, PAPS has not been detected in dissimilatorv sulphate reducing 
b;tcteria a. 

A l ) b r e v i a t i o n s :  :\['.q. adcnos ine-5"- l>hOsl )hosu l l )ha tc ;  P A l ' S ,  3" -phos l )hoad( 'nos im '  5'- 
l ) h o s p h o s u l p h a t e .  
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The enzymes . \ ' l ' l ' - su l t )hurylase  and AP.q-kinas(, from \ 'east wer(' purified and 
character ized by Rt)I~SBINS AND I.II'.MANN "t5 and \VII.SON AND ]'~ANI)I'R.'-;KI c,, while the 
ATl'-sult)hur?,las(, of l)csulfo;'ibrio dcsulfuricans was s tudied 1)\ .\K..\(;l ,\XD ('.\.~II'- 
BEI.L 7. 

Al though .\~,AHI ;~ demons t ra t ed  that  ATP-sull>hurylase is l)rescnt in higher 
plants ,  this ac t iv i ty  was m)t a c c u r a t e h  de te rmined  because of the high ATl ' a se  levels 
which interfered with the nloh't~d()lx'sis assay fl)r the enzyme,  a~S PAI)S was not 
de tec ted  alth()ugh the thernat)dvnamic ( '(luilibrium ()f the A PS-kinase react ion grea t ly  
favours its f,,rmati(,n. Recent ly MF.RCER AND "I'It(,)MAS 1° claimed t() have de t c ( t ed  
PAPS in chl(>I()plast l>reparati()ns from French bean (t)hascolus 7'ulgaris)and nlaizc 
(Zca megvs). In a heavi ly  lal>elled exper iment  (Ioot,(" a'~.c,()42 ) they  de tec ted  a re la t ix ' eh  
small  ac t iv i ty  in an area ()f their  ( 'hr()mat()gram whc're a~'51':\l', c, is rt .puted I,, run. 
Since this was n()t unequivocal ly  identified as the nucleotide,  it is still an ()l>Cn question 
whether  P..\I)S is formed in these plants.  

In a green alga, ('hlorclla flyrcmndosa, P,\I)S has been identi t ied its an inter- 
media te  during the reducti(m ()f su lphate  tt) sulphi te  n. 

This paper  describes the purif icat ion ()f A'l ' l )-sult)hurylase from st)inach leaves 
using a new assay pr()cedure based on the luciferin-luciferase enzyme reacti(m ,)f the 
tirefl\" f()r de termining  .VI't ~ f()rmed frc)m . \ l )S  and pyr()t)host)hat('. 

MArF.RIAI.S AND MI:TttOI)S 

Chemicals 
Creatine t>host)hokinase (i mg t ransf l , lms 75 /tmoles subs t r a t e 'm in  at  p l l  7.4 

and 3o:), g lucose- t>phosphate  dehydrogenase ,  firefly lanterns,  AMP, AI)P ,  N A I ) I q l ,  
bovine serum albumin and glucose ( i-phosphate were purchased from Sigma ('.heroical 
Co., 31o., I ' .S .A. ;  inorganic l>yr()ph(>sl>hatase (from .4sflcr~illus m3'zac, Lot 9oo()21) 
and A'I 'P were ()btained from Calbiochem, ( 'alif.,  U.,'-:,.A. Radi(whenfi( 'als were supI>licd 
by  the t¢.adio('hemical Centre, Amersham,  England.  Creat ine t>host)hate was pret)ared 
from ( 'reatine (British Drug Ihms(,s, P()ole, l 'ngland)  by  the meth()d ()t" Ey .~o ld  ~. : \I)S 
was sy,'nthesized fr()m pyridine-sul t )hur  tri()xide and AMP by the pr()cedure of BAD- 
I)II.I-Y ('1 ill. la. a5% P A l ' S  was prepared by the yeast  enzyme sys tem of \VII.SON AND 

]'~ANI)I'RSKI (;. All ()ther ch(,micals were (,f ana ly t ica l  grade. 
I)rotein was de te rmined  1)\" the Folill mt,th()d as m()dified by  l,()wRv ct al. ~4. 

Extraclion of chloroplasts from spinach h'mcs 
( 'hhn-oplasts were prepared  from spinach leaves, ex t rac ted  with isotonic o. 4 31 

su('r()se in o.o 5 3I Tris l t ( ' l  buffer (pl l  7.5) as described by .]A(;ENI)ORF AND ;\VRON l:i. 
Vein-flee leaves of p lants  (Io g), ob ta ined  fresh from the marke t ,  were ground in a 
mor t a r  and pestle using 20 ml of cold l)uffer and about  3 g of precooled sand. The 
homogenatc  was filtered through a double laver of cheese cloth and centr i fuged at  
2oo ;.: g to remove the cell debris.  ( 'h loroplas ts  were then sed imented  by centr i fuging 

at iooo ;< g for 7 min. 
\Vhen leaves were ex t r ac t ed  with bufl\ 'rs conta ining o.33 M sorl)iud, the pro- 

cedurc of ]I-NSl.IN AND ]a, ASSHAM16 was folh)wed except  tha t  the lmffl'.r used was o.o 5 M 
Tris  H('I (pl!  ().I). About  Io g of washed leaves were homogenized in 3 ° m l  of the 
ext rac t  ing lmfiiq- flw5 sec al high speed in a Sorx'aU ()mnimixer .  The ext rac t ,  l i l tered 
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through six layers of cheese cloth, was centrifuged at 2ooo ;< g fi)r 5 ° sec to sediment 
the chloroplasts. 

For the non-aqueous extraction of spinach leaves, the following procedure of 
SIOCKIr<(; ~7 was followed: "l'he pale green flakes (0.2 g) obtaine.d by freeze drying 5 g 
of fresh leaves were ground in 20 ml of n-hexane-carbon tetrachloride (60:3 I, by 
vol;  s.g. 1.32 ). This suspension was centrifuged at 12 ooo /. g for 15 rain to remove 
large ('ell debris. An equal volume of n-hexane was added to the supernatant  fraction 
and the chloroplasts sedimentcd by centrifuging at iooo :× g for 5 rain. All the fractions 
were dried under vacuum and then extracted with I ml of o.o5 3I Tris-H( ' l  buff(,r 
(pH 7.5). l.;ndissolved material was removed by centrifuging at 2o ooo .~ g for 15 min. 

Radioass(gv for A TP-s*dphuJ3'lasc 
ATP-sull)hurylase was assayed by following the incorporation of a~so42 into 

iasS!APS. "I'o counteract  the effect of A'l'Pases, an A'l 'P-regenerating system con- 
sisting of creatine phosphate and creatine phospho-kinase was included. The reaction 
nfixture contained (mM): Tris HC1 buffer (pH 7.5), 5o; 3Ig('1.2, 5; disodium-El)TA, 
o.3; ATP, IO; creatine phospho-kinase, o.I mg/ml;  creatine phosphate, I5; NazasSO4, 
IO (16/,C/ml) ; inorganic py'rophosphatase, IO/~g/ml, and enzyme o.o25 ml, in a final 
volume of o.I ml. The mixture was incubated at 3o: for I5 rain. The reaction was 
terminated bv boiling for 0o sec, and o.o25-ml aliquots were applied to the origin of 
a V~'hatman 3 3I.M chromatography paper prior to electrophoresis in o.I M sodium 
citrate buffer for I h at I5oo V. The apparatus  used was that  described by TATE 18 for 
routine electrol)horesis. [a"S[APS on the electrol)horetograms was detected by cutt ing 
the dried paper into sections (I cm x 2 cm) and counting in a toluene solution (o. 5 ml) 
(,f 2,5-diphenyloxazole (PPO) (3.o g/l) and 1,4-bis-(5-phenyh~xazolyl-2)benzene 
(P()l~OP) (o. 3 g,,'l) in a Packard ] 'ri-Carb liquid scintillation spectrometer (.Model 

3375). 

Preparation of the luclferin-luciferase enzvm,' .~ys/cm 
The luciferin-luciferase extract  was prepared by the method of .~TANIA-Y ANI) 

\t, TII.LIAbIS l'a, as modified by ['~ALHARRY AND NICHOI.AS; "°. Four dessicated firefly' 
lanterns were homogenized in the agate mortar  of a \Vig-I.-Bug dental hom~genizer 
(Crescent Dental Manufacturing ('o., II1., U.S.A.) for I rain with o.75 ml of cold 5o mM 
sodium arsenate troffer (pit 7.3). This homogenate,  diluted to 2 ml with the buffer, 
was centrifuged at 2o ooo × g for 3o rain at 2 ~. About 3 ml of cold distilled water were 
added to produce the require(l dilution. This extract  was stable for about 48 h at o ~. 

Fir~Jty assay for ..t TP-sulphurvlase 2° 
Tile reaction vial contained i nil of io m.~I sodium phosphate buffer (pH 7.3); 

50 mM 3IgCl2; I ml o f 5 o  inM sodium arsenate buffer (pH 7.3), neutralized with H('I;  
and 1 ml of distilled water. Sodium pyrophosphate  (o.o2 ml, 3o nmole) and APS 
(o.o2 ml, 1. 5 nmole) were adde.d to the reaction mixture, which was then incubated 
at 2o ° in the Packard Tri-Carb liquid scintillation spectrometer.  

The spectrometer  was set up as follows: The circuit was switched out-of-co- 
incidence so that  the two photomultit)liers detected individual light flashes (photons). 
The single channel used was set with gain at IOO°, , and the two discriminators at 72 
and 78, respectively. All counts were recorded for o.I rain ;it 2o ~. 
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: \ f t e r  i n i t i a t i ng  the cnzvn~c" reaction with  o.I ni l  o f  firefl\ ' extract ,  the vial  was 
~.hakcn al ld qu ick ly  placed in the wt, ll of  the sp0t'tromett!r. ( iOtl l l t i l lg was :-;laltt'(l 
i 5 sec later, wl ie l l  () counts each of  o. r rain were recorded at intervals of o. 3 rain. "l'htql 
cl Sl)imtch leaiextrzu' i .  (o.o2 ml), conta in ing A' l ' l ) -sulphurylast , (t)rl lducing - 5 ° t)in,des 
A'l 'P.nfin), was added to the v ia l  2 n l i l l  af ter  adding the tirefl\" extract ,  al ld cl furtht, r 
t'l c-~urits, each of o.T thin, were rt 'corded ctt intervals of o. 3 rain. Af ter  a fur ther 2 ni in, 
an in ternal  standard of A T I '  ( ioo  pnlolcs in o. I nil) was added t,~ the vial  and the Salllt' 
count i t l  R t4('(llJtqlq't! r epea ted .  

In o rde r  to assay sp inach  e x t r a c t s  con t a in ing  : \ ' fP - su lphur .v l a se  proctucinla 

5 ° plnoles .VfP-n i in ,  the  a d d i t i o n s  of  sp inach  cxtr:,u't and  A ' f l '  were reversed.  Thus ,  

too  pmoles  ,Vl'l ~ m o .  i ml ( in ternal  s t anda rd )  was added  to the  vial  z rain aftt:r s ia r t  ing 

the  reac'ti~m wi th  the  lhetl.v enzyme ,  and a f te r  a fu r the r  2 rain, the  h ' a f e x t r a c t  (o.o2 ml) 

was added. Each of tllt, st, addi t i t lns was folh)xved b\" the same count in7 sequence. 

1)1"5..t E-cclhdosc amt 5cphadc.v G-soo column chromah4~raflhy 
A I ) F A E - c e l h f l o s e  ( I ) ] " - l [ )  c~>lumn ( i .0  cm 14 vm) was e q u i l i b r a t e d  with  

o.o 5 M Tris  H( ' I  buffer  (pH 7.5). Af t e r  the  sample  was h~aded on to  the  c - l u m n ,  tim 

ATP-su l l )hu ry l a se  was e lu ted  be tween  o. I8 and o.23 3I "l'ris H('I  (pH 7.5) using a 

l inear  g rad ien t .  The  S e p h a d e x  co lumn  (I .0 c'm >' 44 cm) was equ i l i b r a t ed  wi th  o.o 5 M 

"l'ris H( 'I  buffer  (pH 7.5) and the  t ' n z \ n l e  was e lu tcd  wi th  the  same Imffer. 

R 1- ,'-; U LIS 

l:ormatio~t o i adcnosim'-5'-phosphosulphah' 
The  produc t s ,  f lwmcd - n  i n c u b a t i n g  a h t m m g c n a t e  of  sp inach  leaves  m o.o 5 M 

T r i s - H ( ' I  (pH 7.5) wi th  a:'.q()le- and A T P ,  were  s e p a r a t e d  by eh,ctroph~wcsis on \Vha t -  

i l lan 3 .~13I paper in o.x .~I sodium ci t rate (pH 5.o) for I h at i5oo V. The d is t r ibut ion 
,>i label led coml~ounds along the ehwtrcq)h(wct(igranl was detcctt'd I ) \  count ing 
sect i (ms elf the  3 3131 pape r  in it l ' a c k a r d  l iquid  sc in t i l l a t ion  spectrome, tcr  as shown ill 

l:ig. I. The  ~mh lal;el led comt>ound formed b e h a v e d  as d id  =ass tAPS p repa red  e i the r  

c n z \ n f i c a l h '  front \ e a s t  e or  chemica l ly  f rom p y r i d i n e - s u l p h u r  t r iox ide  and A M P  la. 

. ,  ~0 (  
i i 

K r P  

_X J;L 
Distance (era) 

l:i-. ]. ,~can of an elcctrol)horctogram of products formed on incubatinK as~()4"~ a l ld  A'I'I ~ with 
a fraction of spinach leaf extracted with o.o 5 M Tris H('I (pll 7.5) contahfing .,Vl't'-sulphurylase 
{SI*(! MATERIAI.% AND MI.~'I'IIf)DS), "l'h~: r e a c t i o n  m i x t l l r e  (;is f o r  t h e  r & d i o a s s a v  ill MA'II-~RIAIA4 ,%NI) 
~lr:'rnoDs) was incubated at 3 ° for I h, then b(filed fl~rooset'. The products contained in o.ozs-ml 
aliquots were separated by high wflta~e clectrophoresis on \Vhatman 3 MM paper in o v M 
sodium citrate bufl"er (p[l'5.o) at 15oo V for l h. Segmc*nts of the electrophorctogram were 
illl~ll\'~,t'(I [1\" sc in t i l l ; l t i (m COlllltirll4 (sO~! MA'I'ERIAI.% "~ND MI'71"HI)D%). 
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ltigh w)ltage electrophoresis in a variety of buffer systems e.g.o.I 3] sodium citrate 
(pH 5.o), o.I 3I potassium citrate (pH 3.5), and o.o2 M sodium phosphate (pH 7.o) i 
confirmed that only i asS!APS was present. Thus, I6oo counts/rain were detected in 
5 /,M Ia~S]APS forme(l but there was no evidence for ar'S PAl'S formation (I)ack- 
ground 45 :! 5 counts/rain). 

Distribution of .'17"P-s'ulphurvlasc 
l:-nzvme activity, measured by the incorporation of aaS()42- into a~s APS, was 

followed (luring the isolation of chloroplasts from spinach leaves extracted with 
(a) isotonic o. 4 M sucrose in o.o 5 3I Tris tIC1 buffer (pH 7-5) and (b) n-hexane and 
carbon tctrachloride. Chloroplasts t)r('pared in isotonic sucrose buffer contained about 
half the chlorophyll of the homogenate (Table I) and only I0",, of the enzyme activity'. 

' I 'A  l? , l , l ' i  I 

: V I ' P - S U I . P I I U R ' ~ ' L A ~ I E  IN C H I . O R O P L A N T S  INOLA'I 'EI I  IN I S O T O N I C  I~,UFFI'2R 

l . e a v e s  ( m  g) w e r e  e x t r a c t e d  w i t h  i s o t o n i c  o. 4 M s u c r o s e  in o .0  5 M Tr i s  I tCI (pl  t 7.5) (see rexft.:- 
reALS A.XD .~E'rHoDS). A u n i t  o f  e n z y m e  a c t i v i t y  is t h e  a m o u n t  w h i c h  p r o d u c e s  I n m o l e  o f  
[ a S S : A P S / h  in t h e  r a d i o a s s a y  (see ~,xrFzRL.XLS AXD .~N.:THOt)S). C h l o r o p h y l l  w a s  d e t e r m i n e d  b y  t h e  
m e t h o d  o f  A R N O N  z l .  

J.'rachon 

1. llomogenate in i s o t o n i c  b t l t l c r  
- .  C h l o r o p h t s t s .  s c d i m e n t c d  b y  c c n t r i t i l g i n g  ( l)  a t  

l o o o  ;-" g for  7 n l in  
3. \ V a s h e d  c h l o r o p l a s t s :  (2) w a s h e d  w i t h  i s o t o n i c  

b u f f e r  an(1 c e n t r i f u g e d  a t  I o o o  x g for  7 r a in  
4. ( ' h l~ ) rop las t  e x t r a c t s :  (2) e x t r a c t e d  x~ith o .o  5 M 

T r i s - H C I  ( p H  7.5) fo r  45 ra in  a n d  c e n t r i f u g e d  
a t  "o  o o o  < g for  3 ° lllin to  r (q l love  c e l l - d e b r i s  

A T P - s u l p h u r y l a s e  Chloro- Ratt(,  
• -. p h y l l  ,4 / B 

Tota l  Recovery (rag) 
.4 (%) B 

31 (')O I OO 3" I I OOO 

5 ( ) O  I (). 2 I . 5 J 7 ° 

S t  I .  4 I .  t 5 S 

.~()() 1 I . ( )  O O 

When these chloroplasts were washed with tile isotonic sucrose buffer, only 2.4"i, 
of the enzyme activity of the homogenate was retained in these organelles. However, 
the specific activity of the enz\,me extracted from the unwashed chloroplasts (l 'raction 
4, Table I) was I2 4 units/rag protein compared with r4. 3 units/rag in the leaf homo- 
genate. 

Fractions prepared bv extracting freeze dried spinach leaves with n-hexane 
an(t carl)on tetrachloride were dried under vacuum and extracted with o.o 5 31 Tris 
H('I buffer (pH 7.5) prior to determining ATP-sulphurylase activity: (Table I I). The 
crude extract contained enzyme of lower specific activity (4.o units/rag protein) than 
that of the isotonic buffer; however, under these conditions 44¢}i, of the enzyme 
activity and 48% of the total chlorophyll were recovered in the chlorot)lasts (l;raction 2, 
Table I!). The ratio of total enzyme activity to chlorophyll in this fractitm was Io 9, 
compared with I I 7 in the crude extract. Enzyme activity decreased after prolonged 
treatment with these solvents (Fraction 3). 

Jlmchlm. l~ophys. A~ta. z2o ([O7o/ 513-5-.t 
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Ught 

A B 

ATP 
std#~rylase ~ . ~  

I 71..--" 
1 ~ . . . . . ,  
0 1 2 3 

Minutes 

C 

a t :  
ATP ® / ' / "  

l:ig. 2. l ) c t c r m i n a t i o n  of  A ' l ' l ' - s u l p h u r y l a s e  by  the  l i rc t lv  ;ass:.ty. The  r e a c t i o n  v ia l  c o n t a i n e d  
(in pmolcs ' ,  : sc)dium l~hospha tc  buf te r  (pl  I 7-3), I o: ?,lg('l.~, 5o;  a n d  s o d i u m  a r s e n a t e  b u l i c r  (pl  I 7.31 . 
5 ° in a v o l u m e  of  3 ml,  s o d i u m  p y r o p h o s p h a t c  (3 o nmolcs},  a n d  .\ l 'S  (I .5 nrnoles)  were  a d d e d  a n d  
t he  r e a c t i o n  i n i t i a t e d  by  a d d i n g  o . l  ml  t i rc t lv  e x t r a c t  a t  25 . S p i n a c h  . V l ' | ' - s u l p h u r y h t s e  (o.o2 roll 
a n d  .VI'I '  ( t oo  pnaoles) x~crc a d d e d  as  in ( l i ca tcd .  IA~ht t l ashcs  were  r eco rded  in a 1/)ackard T r i c a r b  
l i qu id  s c i n t i l l a t i o n  s p e c t r o m e t e r  (Mo(lcl 3 3 7 5 ) . . V l ' l ' - s u l p h u r y l a s c  a c t i v i t y  was  c a l c u l a t e d  by  a 
COlll[)Ilt t!r  pro~gral l l l l lC.  A n  CI1ZylI1C IAllit is the  0.11ltlllllt p l ' o ( l t l c i l l~  1 lllllO1C . V l ' l U l l l i n  u n t l t ' r  t he se  
c o n d i t i o u s .  S e g m e n t  .\. (1) (~-- -Q,  . -Vl ' l ) - su lphurylase  a c t i v i t y  of  t he  t ircflv e x t r a c t  (2 pn lo l e s  
.'VI'I ~ f o r m e d / i n i n ) .  The  l ine f i t t ed  to  these  p o i n t s h a s b c e n  e x t r a p o l a t e d  i n t o  S e g m e n t  B. S e g m e n t  P;. 
(21 I I - -  B, t he  c~)ml)inrd .Vl 'P-su l l~hury lase  a c t i v i t i e s  o f t l w  l i ref lv a n d  s p i n a c h  e x t r a c t s  (35 1 ) re° los  
.kTl ) f~) rmcd 'min) .  Thc  l ine  t i t t cd  to  t he se  p o i n t s  hats I)ccn e x t r a p o l a t e d  in to  S e g m e n t  C. (l . in( '  31 
S e g m e n t  C. ( l . ine- t )  /"~ / ' , ,  a cub ic  f tmct i tm,  w i t h  t he  in f lcx ion  a t  t, thin is f i t t ed  to  the  d a t a  so t h a t  
t he  l i g h t  p rod t l c ed ' o ,  l rain l)v t he  . \ r l ,  i n t e r n a l  s t a n d a r d  a t  5.5 rain can  bc ( l e t e r m i n c d  ' a  m i n u s  b i. 

Fir,'fly a.s-s@, for ..1 Al'-sulphu~3'la,w 
Since the ac t iv i ty  of ATl)-sult~hury'lasc. de te rmined  1)v the radioassav  procedure 

is h)w in crude leaf ex t rac t ,  and the procedure is t ime consuming,  a me thod  has been 
devised to measure  ATP fi)rmed in the reverse react ion of the enzyme (ATI) and S()I 2 
fl~rmcd fi()nl A i)S and pyrophospha t r ) .  The product ion of A T  1' was fldh)wcd by l inking 
the react ion to the lucifcrin-lm'iferasc enzyme svst( 'm ,,f the firefly, l)hotimts p3'ralis ~'". 
The light emi t ted ,  measured in a Packard  Tr i - ( ' a rb  l iquid scint i l la t ion spcctrolneter ,  
is re la ted to the amounts  . f  ATP  present.  

The assay o f A T P  fi)rmed flom APS by the ATl>-sull>huryhase in spinach ex t rac t s  
by the firefly sys tem is i l lus t ra ted  in l:ig. 2. The enzvm(, rcacti()n was in i t ia ted  by 
adding ().I ml ()f the tircflv extra( ' t  t() a reacti,)n mixtur( '  (-()ntaining AI>S and t)yr() - 
ph()sphate (Segment A). l . ight  pr()(tuccd in this segment resulted floin a l()w ATI )- 
sull)hurylase ac t iv i ty  in the firefly ex t rac t .  : \  h()mogcnate of spinach leaves (o.o2 nfl 
()f Fractic)n I, Table  I) c()ntaining ATP-su lphury lase  (5o pmoles ATP fi)rmcd/min) 
was added  at e rain (Segment 1'I) ; thus, the rate  of light product ion in this  segment 
is a measure of the c()mbined AT1)-sult)hurvlases of the firefly and spinach ext rac ts .  
An internal  s t anda rd  of ATP  (IO0 pm-h 's)  was added  at 4 rain (Segment ('), resultin/¢ 
in an increase in light emission. 

m ( ' o n l p l l t t ' r  [ ) l ' ( )g r ; In l l l l e  h a s  bCCll dcxel(q)ed t o  a n a l v s c  t h e  l e s l l l t >  ()f this a s s a \ .  

Thus, ~traight lines were t i t ted to the da t a  ()f Segments  A and B (lAnes I and 2 in 
l:ig. 2), whereas tha t  , f  .":,rgment (" (IAnc 4} was fitted with a cubic functi(,n s -  tha t  

I~wchnn. lhophvs, qcla. 2-,~)(wo7-', 5r3 -52-I 



A T P - s u L P H L ' R Y L A S E  IN S P I N A C H  LEAVES 5 1 0  

the point of inflexion of the curve was fixed at 6 min. The line (2) in Segment B, repre- 
senting the formation of ATP by the combined ATP-sulphurylases of the tireflv and 
spinach extracts, was extrapolated into Segment C (lAne 3). Then the light production 
by the ATP internal standard was determined at 5.5 min in Segment C that  is, 
1. 5 rain after adding the ATP. The difference at 5.5 rain in Segment (7 between (a) on 
the cubie curve, Line 4, (I5 qi6 counts/o.I min) and (b) on Line 3 (8277 counts/o. 1 
rain) was the light produced 1)v IOO pmoles of ATP (7630 counts/o.I min). The slopes 
()t l.ine I in Segment A (143 counts:o.I min per min) and of Line 2 in Segment I~ 
(2,25 counts/o.i rain per rain) were divided by the value for the A'I'P internal standard. 
Thus, from Line I in Segment A, the ATP-sulphurylase activity of the tireflv extract 
is 1.9 pmoles A'I'P formed/rain. This value, subtracted from the activit\" determined 
from l.ine 2 m Segment B (27.8 tmmles A'I'P formed/rain), yields 25.q pmoles ATP 
fornwdmin;  this is the activity of tlw ATP-sull)hurylase in o.o2 ml of the spinach 
extract. 

"I'A 1~,I.I " I1 

A'I ' | ) - ,%IrLI 'HURYI.ASE IN CIILOROI'LASTS ISOLA'I'EI) 1N NON-AQUFOUS ,%()LVF.NTS 

l : r e e z e - d r i e d  l e a v e s  (o.e g) w e r e  e x t r a c t e d  w i t h  n - h e x a l m - c a r b o n  t e t r a c h l o r i d e  ((~):31 b v  vo l :  
s. R. 1.32 ) a s  d e s c r i b e d  in MATERIALS AND ?,IFrHOI)S. F r a c t i o n s  p r e p a r e d  as  in t h e  t a b l e ,  w e r e  d r i e d  
u n d e r  v a c u u m  a n d  e x t r a c t e d  w i t h  o .o  5 3 1 T r i s  I I( ' l  ( p l l  7.5). T h e  s u p e r n a t a n t  f r a c t i o n s  o b t a i n e d  
a f t e r  c c n t r i f l l g i n g  a t  2o ooo  >< g for  15 ra in  we re  a s s a v e d  for  e n z y m e  ac t iv i ty"  b y  f o l l o w i n g  t in,  
i n c o r p ( ) r a t i o n  o f  a:'SOa 2- (see MA'rERIAI.S AND METIIOI)S}. A u n i t  ()f f.nzynl(2 a c t i v i t y  is t h e  a n a o u n t  
w h i c h  p r o d u c e s  I n m o l c  o f  ' a s s  i .kl>S/h. ( ' h l o r o p h y l l  w a s  d e t e r m i n e d  l)v t h e  m e t h o d  o f  ARSON 21. 

Fracture A Tl)-sulphurylasc Chloro- Rah~) 
. . . . . . . .  ph>,lt .4 ! t~ 

Total t?ccov,' U, (rag) 
ztntts ("i,) tl 

1. (,'rll(lt," e x t r a c t  ill H-h('Xalle-CD.FBoI) t e t r a -  
c h l o r i d e  (bq :31 ,  v / v ;  s .g.  1.32 ) 5 - 0  1oo 4.5 l 17 

- .  C h l o r o p l a s t s :  (I) c e n t r i f u g e d  a t  t z o o o  × g ti)r 
15 nl i l l ,  mll  e q u a l  V()ll_lnll: o f  )2-]lt'X&ll(~ a d d e d  
to  t h e  s u p e r n a t a n t ;  c e n t r i f u g e d  a t  
IO00 )( g fo r  5 n u n  229 I | 2.1 I0¢1 

3- W a s h e d  c h l o r o p l a s t s :  (2) r e s u s p c n d e d  in b o t h  
s o l v e n t s  (s.g. 1.32 ) a n d  c e n t r i f u g e d  a s  in (2) 74 14 1.1 (;7 

To measure ATP-sulphurylase activities > 50 pmoles ATP fl)rmed/min, the 
same procedure was followed except that the ATP internal standard was added at 
2 rain after initiating the reaction with the firefly extract and after a further 2 rain, 
the enzyme from spinach was added. ATP-sulphurylase activities in the range pro- 
ducing 2-3oo pmoles/min were readily determined by these procedures. The per- 
centage errors were usually less than 3'!i, (increasing to about Io<)~) for activities < 
ro pmolcs ATP/min. 

l 'urz f ica t ion  o f  the e n z y m e  

3h)re active preparations of ATl)-sulphurylase were obtained from spinach 
leaves extracted with hypotonic o.o5 M Tris HCI buffer (pH 7.5), which lysed the 
chloroplasts. Vein-fi'ee leaves (25 g) were ground in a mortar and pestle using 35 ml 

Hioch~m. l~iophys..4cta, 220 ( l q7o )  5 1 3 - 5 2 4  
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pI.'RIH{'ATION OI" .VI'P-F,t'I.PHURX.'I.A:';E 

I . c a x ' c s  (25 ~) w c r v  v . x t r ; t c t v d  w i t h  {}.{}.5 .~1 ' l ' r i s  I1{1 (p} l  7 .5) .  I 'HIz\ 'm{'  a c t l x i t v  X~;lS d c t v r m i n c d  
I}\ t i l t '  l i r c f l v  a s s a y  (st,{. M VI'EI{IAI.S AND .ME'IH(}I).%). ( ) l i t '  t l l l i t  iS t h e  lIlll{}llll[ pl'(}{[llt 'ill~ 1 lllll(}h' 
.VI ' I ' . ' n f i IL  1 '2nzx 'mc u n i t :  nnl{}h ' s  : V l ' l ' / i n i n  ( t i r c t t y  a s s a \ ' } .  S p c c i t i c  a c t i v i t \ ' :  m u o h . s  . \ T l ' . n m l  p e r  
1ha l l r{}tc in .  

l:racti, ,n T,,lal T,,ta! Npcctlic l",,/d 16'o,i'{ I'l' 
p;,,I¢'tH ct{lli'tlv a¢lzPelv pure/i- ( % )  
[lltg') ( t f l l i ls)  (toHts',:mg , a t w u  

pr,,tc~,) 

[ .  J l m n { , g c n a t c i n { } . { } 5 . ~ l ' l ' r i s  l l ( ' l ( p l l  7 .5)  
2. 5 ; l l t l t ' r l l i t t a l l t  l 'r;lcti{}ll l e f t  ; I f t c r  t ' c D t r i -  

fuRiIu4 { l ;  a t  2 5{}{}{} • ¢' f o r  3{} r a i n  
3" S I Ipur l l3 . t ; t l l t  f r a c t i o n  l e f t  i l f t c r  p ro .  

c i p i t a t i n R  l ) r o t v i n  fl-on~ o t{) 13" , ,  
(N11=)2.%¢)1 s a t u r a t i t m ,  digl lV>cd a a ; l i n s t  
{'.{}5 .'xl T r i s - t t { ' l  (1711 7.5)  ( o r  ".1 h 

-I. {3) a p p l i e d  It} a l ) l ' 2 A l - - c c l l u h } s c  c o l u m n .  
{ 'hilt{1 b\" ;t l i n e a r  R r ; M i c n t  r}f T r i s - l l ( ' l  
( p i t  7 .5)  ({}.iS o . 2 3 . M }  

5. (t} c t , u c c u t r a t e d  l}_'," p r{ ' s su r{ '  d i a l y s i s .  
t h e n  h}a([ct l  o n t o  ,~,ct}]l;t{h'x ( ;- 1 {}{} 
c t } l u m n ,  c h ,  t{ 'd w i t h  {}.{}5 M "l 'r is  l l ( ' l  

( p H  7.3} 

(}M{} 7(}{} I 1 I I.{} l{l{} 

3~,{} 72{} 2 .~5 2. I {}{} 

171 I~ ~,'~ 

21 z55 

3 - 7 t  ~-I "~1 

72.2  I i . o  2Q. 5 

2 ~ ]31~ 5';.:"; 5 3 . o  I 7.{i 

of cold o:)  5 M "l'ris H('I buffer (pH 7.5) and about 3 g of precooled sand. The super- 
na tan t  fraction, lcft after centrifuging the homogenate at 2oo ".' A' for I lllill, WaS USed 
as the s,mrce (ff the enzyme. The tireflv assay was used t{i determine enzyme a c t M t \  
during purification by a m m o n i u m  sulphate tract i{mati .n and chr~mlat .graphy {}]! 

I )EAE cclhllosc and Scl}hadcx (;-IOO, a> shown in "l'abh: II1. 

1; 

ATP 1( 

, /  
-1 

APS 

ATP 

20 

10 

-~2 / & & & g8 
1 

l;i/z. 3. R c c i p r { } c a l  t lh} ts  o f  t i l t '  a c t i x i t v  {}f : \ ' l ' l ' - s u l p h u r y h l s c  f r o m  s p i n a c h  l c a \ ' c s  a n d  .\l>.q 
c { m c v n t r a t i o n  ( f i r e f ly  a s s a y ) .  T h e  r e a c t i o n  c o n d i t i t m s  w e r e  t h c  s a m e  a s  in  I : ig .  z, e x c e p t  t h a t  t h e  
a m { m l " d  o f  AlL% in  t h e  r e a c t i o n  m i x t u r e  w a s  v a r i e d  a s  i n d i c a t e d .  :VI'I' s u l p h u r y h ~ s e  ( F r a c t i o n  I .  
T a b h ,  I 11i o . o l  3 i n~  w a s  u s e d .  

I"ig.  4. R e c i p r o c a l  p l o t s  o f  t i l e  a c t i v i t y  o f  . V l ' t ' - s l d p h u r y h t s e  f r o n l  s p i n a c h  h ' a \ c s  a n d  py1{~- 
p h o s p h a t e  c o n c e n t r a t i o n  ( t i r c f l y  a s s a y ) .  T h e  r e a c t i o n  c o n d i t i o n s  w e r e  t h e  s a n l c  a s  in  [gig. 2. 
e x c e p t  t h a t  tilt" a m o u i l t  o f  t } y r o p h o s p h a t c  in  t h e  r e ; t c t i o n  i n i x t u r c  w a s  v a r i c d  a s  i , l d i c a t c d . . \ T I ' -  
s u l p h u r y h l s v  ( F r a c t i o n  .I. T a l } l c  I l l )  o . o i  5 m R  w a s  u s e d .  

/?,,',J¢]lzt,':. /~mplt.v';..-D'[a, 22o (11}7o) 5 1 3 - 5 2 4  
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l?ffcct of substrate concentration in the fir~fl3, assay 
The rate of  production of ATP was measured at various concentrat ions of APS 

and pyrophosphate  using a partially purified ATl>-sulphurylase front spinach (lgraction 
4, Table l l I ,  o.o~ 5 nag protein). The results, plotted in Figs. 3 and 4 according to 
I.IXEWI.:..XVt..R AND BUI¢K "a (I/'v versus I/S), show that  in each case there ix a linear 
relation between ATI '  formed and the substrates. The calculated K,,, values arc 
o.47 pM for :\ I 'S and 3.o/.31 fl~r t)yrophosphatc. 

:3'S-mtch'otMc formation in extracts of higher plants aml Chlorclla 
Sh-()ts of the sweet pea (l.alhyrus odoralus) and root tips of seedling ()f oats 

(.,lveua saliva) were extracted in o.o 5 M Tris -HCI buffer (pH 7-5) by the same nTcthod 
used t .  prepare the homogenatc of spinach leaves (Fraction I, Table I II). A ccll-frce 
extrzv't of Chlorclla ;'ul~aris was prepared a~ described in "l'al~le IV. The sup~ rnatant  

"1".\ Igl.I'] IV 

('OMPARI,':,ON OF "FILE :IS,';-NU(~LI':O'I'IIII';,'4. IN ,%'16illtAC~'at olcratca, l,athvrus odoratu.¢..'lvctla .~atlz'a AND 
Chh,rclh* vulgaJ is 
P l a n t  t i s s u e s  w e r e  e x t r a c t e d  w i t h  0 .o  5 M " | ' r i s - H ( ' l  ( p t l  7.5).  ( ' e l l s  o f  Chlo~lla vull4ams were 
w a s h e d  : ; t i m e s  in l o v o l ,  o f  0 .o  5 M T r i s - | l ( ' l  ( p i t  7.5), e a c h  f o l l o w e d  b y  c c n t r i f u g a t i o n  a t  
- o  o o o  >" g for  IO n l in .  T h e v  w e r e  t h e n  s u s p e n d e d  ill 4 x'ol. o f  bu t t e r ,  d i s r u p t e d  in a F r e n c h  
p r e s s u r e  cull (2o o o o  l b / i n c h  ~1 a n d  c e n t r i f u g e d  a t  2o o o o  x g for  3 ° r a in  a t  - .  "l 'hc s u p e r n a t a n t  
f r a c t i o n s  w e r e  i n c u b a t e d  w i t h  a: 'S()tz- (see MATERIAI.'£ AND .METIIOI)S); t h e  p r o d u c t s ,  i n c l u d i n g  
s u l p h u r  n u c l c o t i d e s  w e r e  s e p a r a t e d  1),,' h i g h  v o l t a g e  e l e c t r o p l a o r t ' s i s  o n  W h a t m a n  3 3131 p a p e r  in 
o . I  .Xl so¢liuna c i t r a t e  ( p l l  5.o) ;tt I 5 o o V  ff)r I h, a n d  t h e n  d e t e r m i n e d  b y  l i q u i d  s c i n t i l l a t i o n  
COUlltill~ ils d e s c r i b e d  ili MATEI,~IAI..'-; AND METII()I)S. P r o t e i n  w a s  d e t e r n l i n e d  b v  ti le l l l o t h o d  o f  
L o w R Y  t'l al. ~z. 

3 latcrial 

S h o o t s  o f  t h e  s w e e t  p e a  (o. 5 g) 
( l,athyrus odoratus ) 

h:oot  t i p s  o f  o a t  s e e d l i n g s  (o. 5 g! 
(.']vcna saliva) 

S p i n a c h  l e a v e s  ( t o  g) 
(Sptnaccae oh'racca) 

Chlorclla wdgaris 
ce l l - f r ee  e x t r a c t  

Total : ar'5 .;A t 'S  ; a:'N I ' A  PS .q'pcctfic achvity of 
protc~ produced produced .4Tt'-sulphurylasc 
(m~,) (nm,lcs!ml)  (mm,lcslm/) (nmolcs:' asN .'t l>S 

produccd/h per mg 
protcD~ 

IO IO. 3 I .o  3 

4 . 2  9 . 7  " . 3 °  

I t . o  1 o . o  t . t . 3  

I.  1 4.¢', I 1 .2  .| 2. 5 

fractions after centrifuging the extracts  at 20 o o o  >J g for 3o min were incubated in 
reaction mixtures containing ATP, a5S().12- and pyrophosphatase,  as in the radioassav 
procedure. Imbelled sulphur nucleotides, separated by high w~ltage electrophoresis, 
were detected by counting sections of the paper in a liquid scintillation spectrometer.  
• %S.,APS was fi)rmed in both the pea and oat extracts  (Table IX,'), equivalent to 

specific activities of I.O and 2.3 nmoles IsaS]APS/h per nag protein, respectively', 
compared with 14. 3 nmoles :s~SIAPS/h per mg protein in a similar fraction from 
spinach leaves. !.asS]PAPS was not detected in extracts  of these plants. However, 
both [asS!APS (4.6 nmoles/ml) and ;a"S:PAPS (11.2 nmoles/ml) were produced in 
extracts  of  Chlorella vul,,aris after a 15 rain incubation in the reaction mixture. The 

llio~h~m. Hlophvs..'|eta. 2 - o  (I~Go) 5 t 3  52.1 
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amount  of _aaSIAPS fl~rmcd by ATP-sulphuryhtse  was calcula ted from the sum of 
the amounts  of 'a~S'APS and a"S 'PAPS formed;  thus, the specific ac t iv i t \ '  wa,  
42.5 nmoles a:'S APS formcd/h per mg protein.  

Metabolism of a:'S ..1 PS by" fragmental chlor@last.s 
Spinach leaves were ex t r ac t ed  with o.33 3I sorbitol  in o.o 5 31 Tris t lCl buffl'r 

(p t l  0.I) and the chhwoplast  fraction was isolated from the homogcnate  by differential  
ccntr i fugat ion (see MATEI~:IAI.S AND MI.:rH()I)S). l :raglnelHed chhwoplasts  prt ' l)ared by 
suspending in tac t  organelles in o.oI 5 31 "l'ris-{{('l buffer (pH 7.5) were incubated  
with a"S 'APS,  ATP, reduced g lu ta th ione  ((ISH) and N A I ) P I t  together  witi, an 
NAl.)PH-glucosc-()-phost~hate dehydrogenasc  regenerat ing ~\'stcm. The results  in 
Table \" show tha t  the decrease in r ad ioac t iv i ty  of a~S APS is accounted fiw in tim 
a:'S()te- tk~rnmd. . \b , ,u t  I7°/0 of the aas'..XPS was ut i l ized ei ther  in the complete  
reac t ion  mixture  or in one without  GSH and NA I )PH .  \ \ :hen ATP was omi t t ed  from 

"1":\ I~,l.l'i V 

F O R M A T I O N  (J | :  35~()12 I,'ROM i:lz'~ : \ ] ) ~  IN I,'RAGIMENTIr.I) CII [ .Ot , IO| ' I .ASTS 

The  r e a c t i o n  m i x t u r e  c o n t a i n e d ,  in a thml  v o l u m e  of  o. 5 nfl ( /nnoles) :  "Iris H( 'I  ( p i t  7.0). 25: 
I:'t'S AI 'S ,  o.25 ( 4 5 o o c o u n t s / m i n ;  p y r o p h o s p h a t a s e ,  e,ttg: o. l  nfl of f r a g m e n t e d  c h l o r o p l a s t s  
c o n t a i n i n g  o.o 5 mR c h l o r o p h y l  ( lwcparcd  in o. 3 3I so rb i to l ,  see MA'rERIAI.S AND IMI.;'rItoDs): ; l | ld 
r e d u c e d  g ln ta th ion t~  (GS!I) ,  x; N A I ) ] q l .  o .16;  g lucose  o - p h o s p h a t e  {(;Ic-~-l'), -': a n d  ( , I t . 0 - 1 '  
d c h y d r o g c n a s c  (] un i t ) .  The  r e a c t i o n  m i x t u r e  was  i n c u b a t e d  a t  3 ° R~r 3 o m m ,  a n d  o.oS-ml 
a l i q u o t s  were  a n a h ' s c d  b y  c l v c t r o p h o r c s i s  a n d  s c i n t i l l a t i o n  Cotlnti l l  R its ill t he  radio;~ssav of  .Vl ' l ' -  
s l l lphl l r~ , ' ]0 .s t !  (st't" MATERIAl.,% AND M E T l l O I ) S ) .  

Nca~h,m mi.vtterc aaS()t2 , , 3a.v," .-t ILN" 
/,r,duc,'d utili:, d 
(mn,,lcs) 

1. ( ' o l n p l e t e  .1¢~.7 I~. 3 
2. i l l  b u t  o m i t  ( ; S l i ,  N A I ) I ' I I , ( ; I c - t , - I '  

a n d  ( ;1c-6-1' d< ,hydro~vnase  .13.7 17.5 
3. ([) b u t  o m i t  . \ T I '  q3.5 37.4 

these react ion mixtures ,  more than  twice as much la:'S I : \PS was degraded  to a:'S()4" 
l )ur ing similar  incubat ions  of f ragmented  chloroplasts  with asS;PAPS ((m 

nmoles), about  three t imes the a lnount  of a 'aS'PAPS (45 nmolcs) was metabol ized  in 
r eac t i -n  mixtures  conta ining ( ;SH and NAI )PH.  The decrease in rad i , , ac t iv i tv  m 
:aaS P A P S  was again recovered in asSOt 'a-. I t  is likeh" tha t  any a'~S()a'-' " formed in this 
react ion would be readi ly  oxidized to asS()a'a- under  the condi t ions  of assay. 

I)ISCUSSION 

By using tile format ion of a s S A P S  fronl aas(),~- as a n  assay filr ATP-sul-  
phurylast~ tim d is t r ibu t ion  of the  enzyme was followed in spinach leaves. When 
chhwoplasts  are isolated in is~,tonic buffer systems,  it is known tha t  soluble cnz\ 'mes 
often leach out of these t~rganelles ''a. In fact, only I6"..i, of the :Vl ' t ' -sulphurylasc '  in 
the crude homogenate  was re ta ined  in isolated chloroplasts  prepared in a o. 4 3I sucrose 
solution. This loss of soluble protein  m a y  be offset by using non-aqueous media  in 
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which this protein is insoluble iv. Thus in the present work, by using n-hexane and 
carbon tetrachhwide, as much as 44% of the ATP-sulphurylase from crude extracts  
was fimnd together with 48~'i, of the chlorophyll in the isolated chloroplasts. These 
results suggest that  most of the enzyme is located in the chloroplasts where the specifw 
act ivi ty  is at least eight times higher than that  in crude extracts.  

Since the act ivi ty  (~f ATP-sulphurylase determined by the ra(tioassay procedure 
is low in crude leaf extracts  (about 14 nmoles I~SjAPS produced/h per mg protein), 
a more sensitive method "° has been devised to nlcasure A'I 'P forlned from APS and 
pyrophost)hate in the reverse reaction, which is thermodvnamicalh:  more f.:tV~nlrabh, : 

: \ I ' S  : p . v r o p h o s p h a t e  ~ :VI'I '  i S(~42 

This ATP production was linked to the luciferin-luciferase enzynle reaction of the 
firetly (Photinus pyralis) resulting m a rapid and economical assay, which was geared 
to a computer  programme developed to analyse the data.  The low/x'm values fl)r APS 
and pyrophost)hate, determined for the partially purified enzyme by the firetlv assay, 
were 0.47 /2.Xl and 3.o/~3I, respectively, indicating the very high affinity of ATP- 
sulphurylase flw these substrates. 

• "\SAHI 8 fimnd a low amount  of 'ass APS ill it chl()r(~plast preparation of spinach 
leaves incubated with Na,,as5() 4 and ATP, but a'~S !PAPS was not detected. In work 
rel)orte(1 herein, al though the incorporation of asS().f' into extracts  of spinach leaves 
was followed bv an even more sensitive eh'ctrophoresis method of resolving the 
products, iaaS PAPS was still not detected. 

It has been suggested that  PAPS but not A PS is reduced to sulphite in ehloro- 
plasts~; more recently, ~( 'HMII )T  AND "['I/I-13ST 24 have shown that  sulphate can be 
reduced to sulphite by chloroplast fragments in the dark if reduced glutathione is 
added. In our experiments, however, ass APS was readily converted to sulphate 
when it was incubated with chhwot)last fragnlents, probably via the reverse reaction 
of ATP-sulplmrylase since ATP inhibited this reaction as reported by Rom~|xs AN|) 
IAPMANN s. Since reducing agents, including glutathione, (lid not afl\~et the rate of 
[~SSIAI'S utilization, it is unlikely that  the nueh, otide was reduced. In contrast  to 
this, preliminary experiments with fragmented chloroplasts indicate that  ass P A P S  
is more readih" utilized in the presence of reduetants  but labelled sulphate only was 
detected. It  is likely that  the labelled sulphite ti~rmed is oxidised non-enzvnficalb, to 
sulphate. 
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