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Summary 

Chloroplast a-l,4-glucan phosphorylase (EC 2.4.1.1) has been purified to 
homogeneity from spmach leaves as revealed by sodium dodecyl sulfate poly- 
acrylamlde gel electrophoresls. The purlfmatlon procedure is composed of 
(NH4)2SO4 precipitation, 1on-exchange chromatography, and chromatography 
on Sepharose-bound starch. In order to achieve blndmg of the chloroplast phos- 
phorylase, a previously described Sepharose-glucan gel (Steup, M. Schachtele, 
C. and Latzko, E. (1980) Planta 148, 168--173) was modified by lntroducmg 
hydrophoblc groups m addlhon to the covalently bound starch. The chloro- 
plast phosphorylase exhibited complete binding to this type of gel and could 
be eluted by a mixture of soluble glucan and NaC1. For the punfmd chloro- 
plast phosphorylase, sodium dodecyl-sulfate polyacrylamlde gel electrophorems 
and pyndoxal phosphate determination resulted in a molecular weight estima- 
tion of about 110 000 per monomer. The apparent molecular weight of the 
native enzyme, as determined by polyacrylamlde density gradmnt electrophore- 
sis and gel filtration on Sephadex G-200, was 200000 and 220000, respec- 
tively The data indicate that the chloroplast phosphorylase is a dlmer with a 
molecular weight higher than that of the non-chloroplast phosphorylase. 

Introduchon 

Although there IS considerable evidence that a-l,4-glucan phosphorylase 
mediates chloroplast starch breakdown [1--3], this enzyme has not been pun- 

Abbre~nataon SDS, sodmm dodecyl  sulfate, Hepes, N-2-hydroxyethylplperazme-N'-2-ethanesulfomc acid 
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fled and we know httle of  its propertms. Isolatmn and charactenzatmn of the 
chloroplast phosphorylase are hampered by the fact that,  m leaf extracts, phos- 
phorylase actlwty of ten appears to be heterogeneous.  In spinach leaves, two 
forms of phosphorylase are found, one mslde and the other outrode the chloro- 
plast [4,5].  Recently,  a rapid and effmmnt punf icatmn of the non-chloroplast 
phosphorylase of  spinach leaves by chromatography on Sepharose-bound 
dextnn  was described [6].  However,  with respect to the punf icatmn of the 
chloroplast phosphorylase,  this procedure was ineffective because this enzyme 
did not  bmd to the gel, but  passed through together with the vast majority of 
the protein. Therefore, modffmd Sepharose-glucan gels have been developed m 
order to achmve bmdmg of the chloroplast phosphorylase as a prereqmslte to 
effective punfmatmn.  

In the following, a purffmatmn procedure for the spinach leaf chloroplast 
phosphorylase IS described. It IS based on a modffmd Sepharose-glucan chroma- 
tography. Some molecular propertms of  the punfmd enzyme are reported 

Materials and Methods 

Plant material. For enzyme purification, field-grown spinach (Spmac~a 
oleracea L. var. Kaspank) or spinach purchased from the local market  was used. 
Chloroplasts were molated from expanding leaves of  spinach (vat Fruremona) 
grown m water culture [7] under a continuous hght-dark regime (10 h hght, 
200 W • m -2, 14 h dark, 15°C). 

Chloroplast ~solatmn. Intact chloroplasts were isolated and extracted as 
described elsewhere [6].  

Phosphorylase assay Phosphorolytm activity was determined according to 
the method of  Bergmeyer et  al. [8].  

Polyacrylamzde gel electrophoresls Non-denaturatmg discontinuous elec- 
trophorems was performed according to Jolley and Allen [9] ,  the total too- 
nomer concentration of  the separation gel was 8.5% (w/v) Electrophoresls 
m gradmnt gels was carried out  according to the method of Margohs and 
Kennck [10].  For discontinuous electrophorems under denaturing conditions, 
the system of Laemmh [11] was used (slab gels of  1.5 mm thmkness; 7 or 9% 
(w/v) total monomer  concentrat ion of the separation gel). The samples (con- 
tammg 8 mM Tns, 0.8 mM EDTA, adjusted with HC1 to pH 8.0, 2% (w/v) SDS, 
2% (v/v) mercaptoethanol,  9% (v/v) glycerol) were heated for 2 mm m a 
boiling-water bath. After electrophoresls, protem bands were stmned as 
described elsewhere [6].  

Pyndoxal phosphate determ~natmn. The pyndoxa l  phosphate content  of the 
phosphorylase preparatmn was determined by the phenylhydrazone method 
[12].  

Protein determmatmn. Soluble protein was measured by the bmret  method 
[13] or according to the method of  Bradford [14];  ovalbumm served as 
standard. 

Stat~t~cs. Standard error was determined according to the method  of  Patau 
[151. 

Preparatmn of Sepharose-bound glucan. Actlvatmn of Sepharose and 
couphng of starch (15 g per 250 g activated Sepharose) were performed as 
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described elsewhere [6].  After couphng of the starch, the gel (250 g Sepharose) 
was deactivated by  adding 1.25 mol buty lamme (dissolved in 50 ml dlmethyl- 
formannde and 50 ml of 0.1 M NaHCO3, and adjusted to pH 9.5 with HC1) and 
incubated for a further 2.5 h at room temperature.  Following deactivation, the 
gel was washed with 1 M NaC1 (adjusted to pH 12.5 with NaOH), 1 M NaC1 
(adjusted to pH 2 5 with acetic acid) and 50% (v/v) dloxan and was transferred 
to the buffer  used for chromatography.  

The Sepharose-starch preparation was stained wtth iodine. After exhaustive 
hydrolysis with amyloglucosldase (from Aspergdlus roger), 15--25 ~mol glu- 
cose per g gel were hberated,  as determined by  the glucose 6-phosphate/hexo- 
klnase assay. 

Purtf~catmn of chloroplast phosphorylase. 1000 g of spinach leaves were 
homogenized m 500 ml lmldazole hydrochlonde  buffer,  pH 7.0 (0.1 M). The 
grinding medmm as well as the buffers used throughout  the punflcatmn con- 
tinned m addltmn 0.2 mM phenylmethylsulfonyl  fluoride [16] and 15 phi 
thymol  [17].  The homogenate  was filtered through Mlracloth (Calblochem) 
and centrifuged for 10 mm at 25 000 × g. From the supernatant (designated as 
crude extract; step I in Table I) protetn was precipitated between 45 and 60% 
saturatmn with (NH4)2SO4. The precipitate was dissolved in 20 mM citrate, 
brought  to pH 6.5 with NaOH, and then dmlyzed agmnst the same buffer for 
several hours. After centrlfugatlon of  the retentate at 40 000 Xg for 10 mm, 
the supernatant (step II m Table I) was apphed to a DEAE-Sephacel column 
(5.3 cm 2 × 15 cm) m order to separate the two phosphorylase forms present in 
the leaf extract.  The column was first washed with 100 ml cttrate/NaOH (20 
mM, pH 6.5) and then with a hnear gradmnt of  20--60 mM citrate, pH 6.5 
(130/130 ml), which eluted the non-chloroplast phosphorylase activity. This 
eluate was discarded. Chloroplast phosphorylase was recovered from the 
column by  elutmn with a hnear gradmnt (130/130 pl) of  0--1 2 M NaC1, dis- 
solved m 60 mM citrate (pH 6.5) Fractmns containing more than 1 nkat phos- 
phorylase actlvtty per ml were pooled and concentrated by  (NH4)2SO, precipi- 
tation (70% saturation) The precipitate was dissolved m 10 mM Tns, 1 mM 
EDTA, adjusted to pH 7.0 wtth acetm acid (buffer A, step III m Table I) and 
was then applied to a Sepharose-starch gel which had been activated with butyl- 
amme The column (2 cm 2 × 10 cm, equthbrated with buffer  A) was washed 
and eluted as mdmated m Fig 1 The flow rate dunng the chromatography on 
Sepharose-starch was about  25 cm/h. Fractmns of  the eluate contmnmg phos- 
phorolyt lc  activity were pooled. Dextrin and NaC1 were removed from the putt- 
fled phosphorylase by  gel ffltratmn (Sephadex G-100, column 5 3 cm2X 55 
cm, gel equilibrated with 50 mM Hepes, 2 mM EDTA, adjusted to pH 8.0 with 
NaOH) wi thout  any loss m phosphorylase act lwty (step IV m Table I). 
Throughout  the punfmatmn,  the temperature was kept  at 2°C 

Results and Discussion 

The chloroplast phosphorylase of  spinach leaves is separable from the non- 
chloroplast form by  1on-exchange chromatography [5].  Following thLs proce- 
dure, the chloroplast phosphorylase preparation was apphed to a Sepharose- 
starch gel which had been deactivated with butylamme.  Using this type  of  gel, 
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Fig 1 C h r o m a t o g r a p h y  of  ch lorop las t  phosphory l a se  f r o m  spLnach leaves  (NaCI e lua te  of  DEAE-Sephace l  
c h r o m a t o g r a p h y )  on a Sepharose-s ta rch  gel, deac t iva ted  wi th  b u t y l a n n n e  E lu t lon  was wi th  A 1 0 0  ml  
bu f f e r  A (see Matena l s  and  Me thods ) ,  B NaC1 grachent (0---1 M NaC1 dissolved m b u f f e r  A,  5 0 / 5 0  ml ) ,  
C 200  rnl of  1 M NaC1 chssolved m b u f f e r  A,  D d e x t n n  grad ien t  (0- -12%,  w / v ,  dissolved m 1 M NaC1 

con ta in ing  b u f f e r  A,  3 0 / 3 0  ml )  In  the  e lua te ,  t r a n s r m t t a n c e  at  254  n m  ( ) an d  phosphoro ly t ac  
ac t tv l ty  (¢ =) were  d e t e r m i n e d  

complete binding of the chloroplast phosphorylase was achmved, no activity 
was removed from the column by washing with buffer (Fig. 1) whmh eluted a 
slgmflcant amount  of protein A second protein peak appeared m the eluate at 
the begmmng of the NaC1 washing, together with a troy amount  of phos- 
phorylase actlwty. However, the phosphorylase activity was recovered from the 
column as a sharp peak with minimal protein coelutlon when a dextrin gradmnt 
m a buffer contmnmg 1 M NaC1 was used as eluant The hnear decrease m 
transmittance was due to unspecific absorbance and was not  caused by protein 
elutlon. 

The fractions contmmng phosphorolytm activity were pooled. Ahquots of 
the combined fractxons were subjected to non-denaturing polyacrylamlde 
gel electrophoresls For companson,  extracts of  isolated intact chloroplasts 
were run at the same tsme After electrophoresls, gels were stained for phos- 
phorylase activity or for protein. Phosphorylase eluted from the Sepharose- 
starch column by dextrin comlgrated with the enzyme actlwty extracted from 
isolated intact chloroplasts (Fig. 2a) For the purified enzyme, the actlwty zone 
coincided w~th the protem band detectable after staining with Coomassm 
blue (Fig 2b) OccasmnaUy, m addltmn to this achwty/protem band, one 
or two weak zones of  phosphorylase actlwty were found near the cathodm 
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Fig 2 N o n - d e n a t u r a t m g  po lyac~y lamlde  gel e lec t rophoresas  (a) E lec t rophorea t s  was  p e r f o r m e d  wi th  
15 p k a t  p h o s p h o r y l a s e  actavlty (equ iva len t  t o  less t h a n  0 2 ~ug p r o t e r a )  of  the  d e x t n n  e lua te  f ro ra  the  
Sepharose - s ta rch  c h r o r a a t o g r a p h y  (I)  For  c o r a p a n s o n ,  ex t r ac t s  of  Isola ted i n t ac t  ch lorop las t s  were  r u n  
sn~nultaneously ( I I ,  3 p k a t )  As  a c o n t r o l ,  e l ec t ropho rems  was  p e r f o r m e d  on  a r m x t u r e  of  ch lo rop las t  
ex t r ac t  a n d  d e x t n n  e lua te  ( I I I ,  7 5 p k a t  pur i f ied  p h o s p h o r y l a s e  an d  1 5 p k a t  actavlty f r o m  the  ch lo rop las t  
e x t r a c t )  ElectrophoresLs was  run  for  4 5 h a t  4°C (20 r aA/ s l ab ,  2 6 0 - - 4 6 0  V)  Migra t ion  dlrectaon Is f ro ra  
t op  ( c a t h o d e )  to  b o t t o m  ( a node )  A f t e r  e l ec t rophorems ,  gels were  i n c u b a t e d  a t  30°C  m a ra lx tu re  of  0 1% 
(w /v )  s t a rch ,  20  r a m  glucose 1 -phospha te ,  100  raM c i t ra te ,  b r o u g h t  to  p H  6 5 w i th  N a O H  Incuba taon  
tames were  1 h (I) ,  3 h ( II)  a n d  2 h ( I I I )  S t a m r a g  wi th  lochne (b)  P ro te ra  B an d  actavlty A s t a m m g  of  
the  pur i f i ed  ch lo rop las t  p h o s p h o r y l a s e  Elec txophorems was p e r f o r m e d  wi th  4 0 0  p k a t  p h o sp h o ry l a se  
actavlty (4 /zg  p r o t e r a )  Mlgrataon dt rectaon m f r o m  lef t  t o  r igh t  Fo r  s ta rch  synthems,  t h e  gel was  racu-  
b a t e d  fo r  1 h Detai ls  as in  a 

end of  the gel, these became more visible if relatively large quantities of  the 
purified enzyme were applied to the gel as reqmred for protem detection (Fig. 
2b). It is hkely that  these two minor bands of  activity (which corresponded 
to  two faint protein zones) represent ohgomers of  the chloroplast .phos-  
phorylase. After non-denaturatmg electrophorems, no protein band lacking a 
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Flg  3 S D S - p o l y a e r y l a m l d e  gel e l e c t r o p h o r e s l s  a t  va r ious  s tages  of  e n z y m e  p u r l f l c a t l o n  (a) 9% p o l y a c r y l -  
a m l d e  gel I,  c r u d e  e x t r a c t  ( 1 4 0  ;~g p r o t e i n ) ,  II ,  p r e c l p l t a t e  b e t w e e n  4 5  a n d  6 0 %  s a t u r a t m n  w i t h  
( N H 4 ) 2 S O  4 (70  p g ) ,  III ,  NaCI e l u a t e  of  D E A E - S e p h a c e l  c h r o m a t o g r a p h y  (70  p g ) ,  IV ,  dext l ,  ln  e lua te  a f t e r  
S e p h a x o s e - s t a r c h  c h r o m a t o g r a p h y  (8 ;~g) E l e c t r o p h o r e s l s  was  r u n  fo r  2 h a t  6 0  V a n d  fo r  5 h a t  1 2 0  V 
c o n s t a n t  v o l t a g e ,  t e m p e r a t u r e  w a s  4 ° C ,  M i g r a t i o n  d i r e c t i o n  was  f r o m  t o p  ( c a t h o d e )  t o  b o t t o m  ( a n o d e )  
(b)  D e n s i t o g r a m  of  a 7% gel a f t e r  e l e c t r o p h o r e s l s  (1 h a t  S0  V ,  5 h a t  1 2 0  V,  4 ° C )  o f  t he  p u r l h e d  c h l o r o -  
p l a s t  p h o s p h o r y l a s e  (8 ;~g) M l g r a t l o n  d~cect lon is f r o m  l e f t  t o  r l g h t  

corresponding phosphorylase activity band was detectable. Denaturatmg elec- 
trophoresls on 7 or 9% polyacrylamlde gels mdmated that the chloroplast 
phosphorylase preparation consisted of a single protein (Fig. 3a and b). Traces 
of  one or two other pro tem bands usually found m the preparation accounted 
for less than 1% of the phosphorylase protein as judged from densltograms of  
the stmned gels. 

Thus, chromatography on Sepharose-bound starch, whmh contmned butyl  
groups m addition to  the covalently bound glucan, allowed an effective punfl-  
cation of the chloroplast phosphorylase from spinach leaves. The complete  
punfmatlon is summarized m Table I. As compared with the crude extract, an 
approx. 300-fold punfmatlon was achmved with a recovery of 6%. However, 
these values underestimate the effectiveness of the punfmatlon procedure,  since 
the phosphorolytm actlxaty m the crude extract is composed of both the 
chloroplast and the non-chloroplast phosphorylases. Taking this into account,  
and assuming an approx. 3 • 1 ratio of  non-chloroplast to chloroplast phos- 
phorylase activity [5],  the actual purification of  the chloroplast enzyme was 
approx. 1000-fold with a recovery of  more than 20%. After chromatography 
on Sepharose-bound starch, the specific act lwty of the phosphorylase prepara- 
tion was not  increased by  further ion-exchange chromatography at pH 7.5 nor 
by gel filtration on agarose (Blo-gel A 1.5 M; data not  shown). 
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T A B L E  II  

D E T E R M I N A T I O N  OF C H L O R O P L A S T  P H O S P H O R Y L A S E  M O L E C U L A R  W E I G H T  

For  g rad ien t  eleetrophoresL% the  p o l y a c r y l a n n d e  c o n c e n t r a t i o n  was 4 - -30%,  o h g o m e r s  of  bov ine  s e ru m 
a l b u m i n  served as m o l ec u l a r  we igh t  s t andards  Gel  f i l t ra t ion  on  S e p h a d e x  G-200  was  p e r f o r m e d  m 50 m M  
Tns ,  ad jus ted  to  p H  7 5 wi th  HC1, c y t o c h r o m e  c (12 400 ) ,  m y o g l o b m  (17 8 0 0 ) ,  c h y m o t r y p s m o g e n  A 
(25 000 ) ,  o v a l b u m m  (45 000) ,  bov ine  s e rum a lbun~ n  (68 000) ,  l m m u n o g l o b u l m  G (150  000)  and  eatalase 
(240  000)  were  used  as mo le c u l a r  we igh t  s t andards  For  SDS-po lyac ry la rmde  gel e lec t rophores l s ,  a 7% 
s e p a r a t m n  gel was  used ,  mo le c u l a r  we igh t  m a r k e r s  were  R N A  p o l y m e r a s e  f r o m  Escher~chza coh  (165 000 ,  
155 000  and  39 000 ) ,  p h o s p h o r y l a s e  f r o m  rabb i t  musc le  (94 700) ,  bov ine  s e ru m a l b u m i n  (68 000) ,  h u m a n  
l m m u n o g l o b u l m  G (50 000  a n d  23 500 ) ,  and  l ac ta te  d e h y d r o g e n a s e  f r o m  b e e f  h e a r t  (36 000)  Values  m 
pa ren theses  r ep r e sen t  t he  n u m b e r  of  r e p h c a t e s  -+ S E 

Nat ive  e n z y m e  M o n o m e r  

Grad ien t  e lec t rophores l s  (3)  

Gel f l l t r a tmn  
1st e x p e r i m e n t  
2nd  e x p e r i m e n t  

SDS-po lyac ry lamlde  gel e lectrophores~s (6) 

P y n d o x a l  p h o s p h a t e  d e t e r r m n a t m n  
1st e x p e r i m e n t  
2nd  e x p e r i m e n t  

198 000  ± 2000  

220  000  
230  000 

109 000  ± 1000  

1 1 3 0 0 0  
1 1 6 0 0 0  

The punfmd chloroplast phosphorylase was stable (no detectable loss m 
activity dunng 3 weeks) when stored at 4°C as a solution of approx. 0.3 mg 
protem/ml (e.g., after concentration by Dlaflo XM-50 ultraflltratlon) m 50 mM 
Hepes and 2 mM EDTA, adjusted to pH 8.0 with NaOH. 

Dunng SDS-polyacrylamlde gel electrophoresls the chloroplast phophorylase 
migrated behind raJoblt muscle phosphorylase, mdmatmg a higher apparent 
molecular weight of  the monomer.  In addition, the apparent molecular weight 
of  the chloroplast phosphorylase was determmed by  estlmatmn of the 
pyndoxal  content,  by  gel ffltratmn on Sephadex G-200, and by polyacryl- 
amide gradmnt electrophoresIs. The data whmh are summarized m Table II 
mdmate that  the chloroplast phosphorylase is composed of  a monomer  with an 
apparent molecular weight of  approx. 110 000 and with a s tomhlometry of  one 
pyndoxal  phosphate molecule per monomer.  The apparent molecular weight of  
the monomer  is higher than that of  the monomer  of  the non-chloroplast form 
[6].  Molecular weight determmatmn by  gel ffltratmn and gradmnt electro- 
phoresls suggest a dlmenc structure for the native enzyme as observed for other 
plant phosphorylases [ 18--20].  
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