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Abstract:
A cellobiose-phosphorylase was shown to be present in the cells of Clostridium thermocellum using
cell-free enzyme preparations.

This enzyme caused the phosphorolysis of cellobiose to glucose-1-phosphate and glucose. Its activity
was measured by following the decrease in inorganic phosphate or the increase in glucose-1-phosphate.
Phosphoglucomutase which destroys the glucose-1-phosphate was inactivated by freezing.

The phosphorylase was stable, being active over a wide range of temperature and pH. It was also
specific in its action, resembling other disaccharide phosphorylases in its specificity and inhibition by
the products of its action.

\ The finding of this enzyme gives a partial answer to the question of how Clostridium thermocellum
can use celldbiose as an energy source without being able to use exogenous glucose. 
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ABSTRACT

A c e lld b io se -p h o sp h o ry la se  was shown t o  be p re s e n t  in  th e  c e l l s  

o f C lo s tr id iu m  therm ocellum  u sin g  c e l l - f r e e  enzyme p re p a ra t io n s .

T his enzyme caused  th e  phosphoro ly s is  o f c e l ld b io s e  to  

g lu c o se - I -phosphate and g lu c o se . I t s  a c t i v i t y  was m easured by  fo llo w in g  

th e  d ecrease  in  in o rg an ic  phosphate o r th e  in c re a se  in  g lu c o se - I -phosphate . 

Phosphoglucomntase which d e s tro y s  th e  g lu c o se - I -phosphate was in a c t iv a te d  

b y  f r e e z in g .

The phosphory lase  was s t a b l e ,  b e in g  a c t iv e  over a  wide range 

o f tem p era tu re  and pH. I t  was a ls o  s p e c i f ic  in  i t s  a c t io n ,  resem bling  

o th e r  d isa c c h a r id e  phosphory lases in  i t s  s p e c i f i c i t y  and in h ib i t io n  by

th e  p ro d u c ts  o f  i t s  a c t io n .
\

The f in d in g  o f t h i s  enzyme g iv e s  a  p a r t i a l  answ er t o  th e  

q u e s tio n  o f  how C lo s tr id iu m  therm ocellum  can use c e lld b io se  as  an 

energy  source  w ith o u t b e in g  a b le  t o  use  exogenous g lu c o se .
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INTRODUCTION AND HISTORICAL REVIEW

Phosphoro ly s i s  i s  any p ro cess  whereby in o rg an ic  phosphorus 

becomes e s t e r i f i e d .  In  one type  o f phosphoro ly s i s , phosphoric  a c id  is  

s u b s t i tu te d  f o r  w a ter in  a  r e a c t io n  s im ila r  to  h y d ro ly s is . This r e s u l t s  

in  th e  fo rm atio n  o f a  phosphate e s t e r  in s te a d  o f th e  u su a l h y d ro ly tic  

p ro d u c t. L iv ing  system s which o f te n  re q u ire  th e  ex p en d itu re  o f la rg e  

amounts o f  energy  to  form  sugar phosphates from  m onosaccharides may be 

a b le  to  o b ta in  th e se  same compounds from  d isa c c h a r id e s  and p o ly sa c ­

c h a rid es  by  phosphor o ly s  i s  w ith  a  sm a lle r  o u tla y  o f en erg y . The p hos­

phor o ly t ic  re a c t io n s  a re  c a ta ly z e d  by  a  v a r i e ty  o f enzymes c a l le d  

phosphory lases which a re  w id e ly  d i s t r ib u te d  in  anim al and p la n t  t i s s u e s  

where th e y  p la y  im portan t r o le s  in  the. sy n th e s is  and breakdown of many 

sugars  and p o ly sa c c h a r id e s .

The f i r s t  re c o g n it io n  o f p h o sp h o ro ly sis  o ccu rred  when C ori and 

C ori ( 1936) used  d ia ly z e d  e x t r a c ts  o f  r a b b i t  b r a in ,  h e a r t ,  and l i v e r  to  

dem onstrate  t h a t  th e  g ly c o ly t ic  re a c t io n s  were i n i t i a t e d  b y  th e  fo rm ation  

o f g lu c o se - I -phosphate from  glycogen and in o rg an ic  p h o sp h a te . Hanes 

( 1940a and b )  d isco v e red  a  s im ila r  enzyme in  e x tr a c ts  from  peas and 

p o ta to e s  which would c a ta ly z e  th e  phosphor o ly t ic  breakdown o f s ta r c h  and 

g lycogen .

The p h o sp h o ro ly sis  o f  d is a c c h a r id e s  by  b a c te r ia  was f i r s t  - 

d isco v e red  by  Kagan, L a tk e r , and Zfasman ( 194-2 ) and Doudoro f f ,  Kaplan, 

and H assid  ( 1943) • The form er group found a  sucrose  phosphory lase  in
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th e  c e l l s  o f Leuconostoc m esen tero ldes and th e  l a t t e r  reco g n ized  a s im ila r  

enzyme in  th e  c e l l s  o f Pseudomonas s a c c h a ro p h ila . The a c t io n  o f th i s  

enzyme may be re p re se n te d  as

Sucrose + H^PO^ —Sucrose Phosphory la s e  ^ G lu co se-!-phosphate  + F ru c to s e .

In  1952, F i t t i n g  and Scherp noted  th a t  m altose was broken down by phos­

phor o ly s i s  w ith  an enzyme p re p a ra t io n  from  th e  c e l l s  o f N e is s e r ia  

m e n in g i t id is :

M altose + HgPO^ —M altose Phosphoryla.se ^ G lucose-1 -phosphate + G lucose.

The g lu c o se - I -phosphate formed by  th e se  r e a c t io n s  is  r e a d i ly  degraded by 

one o f s e v e ra l  energy  y ie ld in g  p ro c e s s e s . The f a t e  o f  th e  monosac­

ch arid e  which is  a ls o  formed by  p h o sp h o ro ly sis  i s  not as w e ll  understood . 

Some b a c te r ia  such as Leuconostoc dextranicum  polym erize th e  sugar to  form 

a d e x tra n  th u s  g e t t in g  r i d  o f a  u se le s s  p ro d u c t. However, an unexplained  

s i t u a t io n  is  encoun tered  when th e  l iv in g  c e l l s  o f th e se  organism s w i l l  use 

d is a c c h a r id e s  r a p id ly  b u t n o t th e  m onosaccharides, which a re  b e lie v e d  to  

be p ro d u c ts  o f p h o sp h o ro ly s is . Such a s i t u a t io n  e x is t s  when C lo strid iu m  

therm ocellum  i s  grown on c e l lo b io s e .  This sp ec ie s  w i l l  use ce I lo b lose  

b u t no t g lu c o se . G lucose i s  no t found fo llo w in g  growth on c e l lo b io s e , 

e i t h e r  as th e  f r e e  sugar o r  as a po lym er.

B efo re  th e  re c o g n itio n  o f p h o sp h o ry la ses , th e  grow th p e c u l i a r i ­

t i e s  o f some o f th e  ce llu lose-decom posing  b a c te r ia  o f th e  genus Cytophaga
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were ex p la in ed  Tay H utchinson and C lay ton  (1919) and Im esenecki and 

S o ln tsev a  in  1936 a s  in h ib i t io n  o f grow th and c e l lu lo s e  decom position by  

t r a c e s  o f  g lu co se  and o th e r  red u c in g  s u g a r s . They p o s tu la te d  th a t  th e se  

were o b lig a te  ce llu lose-decom posing  organism s, capable o f  u t i l i z i n g  

c e l lu lo s e  d i r e c t l y  w ith o u t i t s  f i r s t  b e in g  hydro lyzed  to  s u g a r s . S ta in e r  

(19^2) found th e  same phenomenon i f  th e  g lu co se  had been  s t e r i l i z e d  by 

h e a t .  I f ,  however, th e  g lu co se  had been  s t e r i l i z e d  b y  f i l t r a t i o n ,  th e  

Cytophaga u t i l i z e d  i t  even more r a p id ly  th a n .c e l lu lo s e . T h e re fo re , he 

concluded th a t  h e a t  s t e r i l i z a t i o n  decomposed g lucose  to  form  to x ic  

p ro d u c ts  which in h ib i te d  th e  growth o f some cellu lose-decom posing  

organism s. On th e  o th e r  hand, many w orkers have found th e  r a p id  u t i l i z a ­

t i o n  o f d is a c c h a r id e s  and p r a c t i c a l l y  n o n - u t i l iz a t io n  o f m onosaccharides. 

D oudoroff, K aplan, and H assid  ( 19 -̂3 ) found th a t  sucrose  was r a p id ly  

u t i l i z e d  b y  th e  in ta c t  c e l l s  o f Pseudomonas sac c h a ro p h ila  whereas g lu ­

cose was o x id ized  v e ry  s lo w ly  and f r u c to s e  was n o t a t ta c k e d . Yet f r u c ­

to s e  was th e  p ro d u c t b o th  o f th e  phosphoro ly s is  and h y d ro ly s is  o f sucrose  

b y  b a c t e r i a l  p re p a ra t io n s .  D oudoroff, e t a; a l , , ( I9U9) a ls o  found a s im ila r  

anomalous s i t u a t io n  in  th e  c e l l s  o f  a  m utant s t r a i n  o f E sc h e r ic h ia  c o l l . 

The l iv in g  c e l l s  would m etabo lize  m altose  r e a d i ly  b u t n o t g lu c o se . How­

e v e r , when b a c t e r i a l - f r e e  enzyme p re p a ra t io n s  were u sed , g lu co se  was 

formed in  th e  breakdown o f m a lto se .

C lo s trid iu m  therm pcellum  is  an a n ae ro b ic , th e rm o p h ilic , c e l l u ­

l o l y t i c  organism . I t  was f i r s t  o b ta in ed  in  pure  c u ltu re  b y  McBee ( 19^8 )
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■who re p o r te d  t h a t  t h i s  organism  a t ta c k e d  c e l lu lo s e  and c e llo h io se  h u t no t 

g lu c o se , re g a rd le s s  o f  w hether th e  g lu co se  was s t e r i l i z e d  h y  h e a t or 

f i l t r a t i o n .  The c e l lu lo s e  was f i r s t  b roken  down t o  c e l lo h io s e  hy  th e  

enzyme c e l lu la s e  and th e  l a t t e r  was b e lie v e d  to  he f u r th e r  b roken  down 

h y  th e  enzyme c e l lo b ia s e  to  form  two m olecules o f  g lu c o se . S ince  t h i s  

organism  d id  no t u t i l i z e  g lu co se  in  th e  c u ltu re  medium, th e  hypo thesis  

t h a t  c e llo h io se  was hydro lyzed  to  g lucose  does no t seem t o  he lo g ic a l .

The p re s e n t  s tu d y  was th e re fo re  undertaken  to  determ ine w hether 

unrecognized  pathways o f c e llo h io se  u t i l i z a t i o n  might occur in  C lo strid iu m  

therm ocellum .

MATER IAIS AED METHODS 

C u ltu re

C lo s trid iu m  therm ocellum , s t r a i n  157 ,  was o b ta in e d  from D r, R.

H. McBee who i s o la te d  i t  from  s o i l  in  1946 . The c h a r a c te r i s t i c s  o f t h i s
'

organism  were g iv en  hy  McBee ( 1954) .  S to ck  c u ltu re s  were m ain ta ined  in  

r o l l e d  tu b es  o f  c e l lu lo s e  a g a r u s in g  H ungaters (1950) an ae ro b ic  te ch n iq u e .

C u ltu re  Medium

The b a s ic  c u ltu re  medium used  th roughou t t h i s  work was composed 

o f O.O75 p e r  cen t EaCl; 0 .03  p e r  cen t (HH^)2SOip* 0.03  p e r  c e n t KH2POip*

0*05 p e r  c en t K2HPO^; 0 .01  p e r  cen t % sb% 'f'0 .0 1  p e r  cen t CaCl2 ,* 0 .5  p e r  

cen t h a i t tm i l l e d  c e l lu lo s e  o r o th e r  C arhohyflrate; 0 .1  p e r  c en t y e a s t 

e x t r a c t ;  0 .02  p e r  cen t sodium th io g ly c o l la te ; 0 .5  p e r  c en t HaHCOg and a . 

sm all amount o f r e s a z u r in  as an o x id a tio n -re d u c tio n  in d ic a to r .  Because
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HaHCOg is  r e a d i ly  decomposed by  h e a t , i t  ^srkfcqriliatecfc by- 

f i l t r a t i o n  o f  a  10 p e r  cen t s o lu t io n  and added to  th e  medium a t  a 

tem p era tu re  below 60 C. F or th e  r o l l e d  tu b es  th e  medium was s o l id i f i e d  

w ith  2 p e r  c en t a g a r . The c e l lu lo s e  was p rep a red  in  a  5 p e r  cen t aqueous 

su spension  acco rd in g  to  th e  d ir e c t io n s  o f  Hungate ( 1950)•

P re p a ra tio n  o f Large C u ltu re s . Ten ml o f a  l iq u id  c e l lu lo s e  

medium was in o c u la te d  w ith  a  co lony p ick ed  from  a r o l l e d  tu b e  o f c e l lu lo s e  

a g a r .  A f te r  two o r th r e e  days' in cu b a tio n  a t  55 C t h i s  c u l tu re  was used 

to  in o c u la te  100 ml o f medium. A fte r  th r e e  days a t  55 C, t h i s  100 ml 

se rv ed  as an inoculum f o r  two l i t e r s  o f  medium which was in  tu r n  in cu b ated  . 

f o r  th re e  days and used  as th e  inoculum f o r  a  f iv e  g a l lo n  carboy  of th e  

medium. This was in cu b a ted  a t  55 C in  a  la rg e  w ater b a th .  S t e r i l e  medium 

in  th e  carboy  was k ep t reduced  by  b u b b lin g  carbon d io x id e  th ro u g h  i t  p r io r  

to  in o c u la t io n , s in c e  i t  had beep  found th a t  u n le ss  th e  r e s a z u r in  in  th e  

medium was reduced  to  th e  c o lo r le s s  s t a t e ,  good growth cou ld  no t be 

ex p ec ted . This f lu s h in g  w ith  carbon d io x id e  was n e ce ssa ry  f o r  th e  f i r s t  

f i f t e e n  hours o f  in c u b a tio n ; a f t e r  which tim e th e  organism s produced s u f ­

f i c i e n t  OOg and Hg to  keep th e  medium in  a  reduced  s t a t e . A m echanical 

s t i r r e r  was th e n  used  to  d is p e rs e  th e  rem ain ing  c e l lu lo s e  th roughou t th e  

medium, s in c e  i t  was found th a t  fe rm e n ta tio n  proceeded more r a p id ly  when 

th e  c e l lu lo s e  was k ep t suspended. When a l l  th e  c e l lu lo s e  had d isap p eared  

(abou t 48 h o u rs) th e  c u l tu re  was n e u tr a l iz e d  w ith  app ro x im ate ly  50 ml o f 

g l a c i a l  a c e t ic  a c id  to  p re v e n t an  a lk a l in e  co n d itio n  due t o  th e  lo s s  o f
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COg. The c e l l s  were th e n  h a rv e s te d  from  th e  c u ltu re  w ith  a  cream 

s e p a ra to r  and used  a t  once f o r  making c e l l - f r e e  enzyme p re p a ra t io n s .  The 

c e l l  y ie ld  was u s u a lly  about 20 g w et w eight from each  f iv e  g a llo n  c u l tu r e .

P re p a ra tio n  o f th e  Enzyme

The c e l l s  were b roken  employing M cIlw ain's  ( 19^8 ) method as 

recommended by  H ayaish i and S ta n ie r  ( l 95l ) .  G rinding  , o f  th e  c e l l s  was 

done in  a  m ortar a t  0 to  5 C f o r  te n  m inutes w ith  tw ice  t h e i r  w eight of 

alum ina (A lcoa Chemicals alum ina A-30l ) , About 40 ml o f  .M/35 sodium 

a c e ta te - b a r b i t a l  b u f f e r  a t  pH 7 .0  was added du ring  th e  g r in d in g  to  e x ­

t r a c t  th e  so lu b le  enzymes. The alum ina and in so lu b le  d e b r is  were removed 

b y  c e n tr i fu g a t io n .  The speed o f c e n tr i fu g a t io n  was v a r ie d  w ith  th e  course 

o f  th e  ex p erim en ts . The e x tr a c ts  o b ta in ed  were used as  th e  source  o f 

crude enzyme. The tre a tm e n t o f th e  e x t r a c t  a ls o  v a r ie d  acco rd in g  to  th e  

experim ent in  which i t  was u sed .

Phosphorus D eterm ination

The F isk e  and Subbarow (1925) method o f in o rg an ic  phosphate 

d e te rm in a tio n  was used  fo llo w in g  p r e c ip i t a t io n  o f p ro te in s  w ith  100 p e r  

c en t t r i c h lo r o a c e t ic  a c id .  H e a t- la b ile  o rgan ic  phosphates were determ ined 

by  th e  same method fo llo w in g  h y d ro ly s is  w ith  I  H h y d ro ch lo ric , a c id  fo r  

seven  m inutes in  a  b o i l in g  w ater b a th .  . In o rg an ic  phosphate  i s  d esig n a ted  

as P i ,  th e  l a b i l e  o rg an ic  phosphate as P ^y .
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Sugar D eterm ination

Reducing sugars  were determ ined  "by th e  Folin-M alm ros (1929)

method.

Paper Chromatography

Ascending p ap er chrom atography was used to  s e p a ra te  phosphate 

d e r iv a t iv e s  o f  s u g a rs . The method o f Hanes and Isherwood ( 1949) was 

m o d ified , u sing  t e r t ia ry -b u ta n o l-p i c r i c  a c id -w a te r  (80 m l, 4 g ,  20 ml) 

and n -h u ta n o l-a c e tic  a c id -w a te r  ( j k  m l, 19 m l, $0 ml) (Benson e t  a d . ,  

1950) as s o lv e n ts .  S o lu tio n s  c o n ta in in g  unknown m ix tu res o f  sugar p h o s­

p h a te s  were s p o tte d  a t  2 .5  cm in te r v a ls  along th e  s t a r t i n g  l in e  o f a 

s h e e t o f f i l t e r  p aper (Whatman Ho. I  and 4 ) by  means o f a  c a p i l l a r y  

p ip e t t e  and allow ed  to  a i r  d ry . The p aper was th e n  hung in  a  b a t te r y  

j a r  c o n ta in in g  th e  so lv e n t m ix ture  so  t h a t  th e  edge o f th e  pap er near th e  

unknown sp o ts  d ipped  in to  th e  s o lv e n t .  The j a r  was th e n  covered  w ith  a 

g la s s  p la te  and s e a le d  w ith  sco tc h  ta p e  to  p rev en t e v ap o ra tio n  o f th e  

s o lv e n t .  A fte r  a  p e r io d  o f a t  l e a s t  15 h o u rs , th e  f i l t e r  p ap er was 

removed from  th e  j a r ,  d r ie d  in  an oven a t  55 C, and developed to  d e te c t  

phosphate  compounds. The pap ers  were sp rayed  w ith  a  s o lu t io n  co n ta in in g  

5 ml o f 50 p e r  c en t p e rc h lo r ic  a c id ,  10 ml o f I  N HCl and 25 ml o f 4 p e r  

c en t ammonium m olybdate p e r  IpO m l. The sp rayed  papers  were d r ie d  ag a in  

a t  55 C f o r  a  few m inutes t o  remove excess w a te r , th e n  t r a n s f e r r e d  to  an 

85 C oven, in  which th e y  were h e a te d  f o r  seven m in u tes . T h is tre a tm en t 

even causes enough h y d ro ly s is  o f such r e s i s t a n t  e s te r s  as.
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3 -phospho-g ly c e r ic  a c id  and g lu c o se -6 -phosphate to  re n d e r them d e te c ta b le  

in  m inute amounts (Hanes and Isherwood 1949) .  The p o s i t io n  o f th e  

phosphoric  e s te r s  was v i s ib l e  a t  t h i s  s ta g e ,  b u t to  develop  th e  co lo r 

f u l l y ,  th e  papers  were a llow ed  to  re g a in  m o is tu re  from th e  a i r  and th en  

p la c e d  in  a  j a r  c o n ta in in g  H2S f o r  f iv e  m in u tes . The p h o s p h o ric .e s te rs  

th en  appeared  as in te n s e ly  b lu e  sp o ts  a g a in s t  a  b u f f  background. The 

ty p e  o f compound cou ld  be determ ined  b y  i t s  p o s i t io n  on t h e .chromatogram.

EXPERIMENTAL RESULTS 

Growth Experim ent

A p re lim in a ry  exam ination  o f C lo strid iu m  therm ocellum  f o r  th e  

p resen ce  o f  a  c e llo b io se  phosphory lase  was made by  a  sim ple grow th e x p e r i­

m ent. A l i t e r  c u ltu re  o f  th e  organism  was grown in  th e  b a s a l  medium 

c o n ta in in g  c e l lo b io s e .  A f te r  th re e  days o f  in cu b a tio n , no t o n ly  was 

v igo rous grow th a p p a re n t, b u t a lso  a  d ecrease  in  in o rg an ic  phosphate was 

n o ted . However, when 0 .5  p e r  cen t g lucose  was s u b s t i tu te d  f o r  c e llo b io se  

in  th e  above medium, no grow th was o b ta in ed  and no d ecrease  in  in o rg an ic  

phosphate  was no ted  (T able  I ) .  This confirm ed th e  e a r l i e r  o b se rv a tio n  

th a t  g lu co se  was no t u t i l i z e d  b y  t h i s  organism , and su p p o rted  ,the th e o ry  

th a t  a  phosphory lase  m ight be p re s e n t in  t h i s  organism . Phosphate de term i 

n a tio n s  a f t e r  30 days in c u b a tio n  showed an  even la rg e r  up take  o f phosphate 

in  th e  c e llo b io se  c u l tu re  w ith  no change in  th e  g lucose  c u l tu r e .
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TABLE I .

Changes in  in o rg an ic  phosphate o f  th e  c u ltu re  medium 
du rin g  grow th o f C lo strid iu m  therm ocellum .

S u b s tra te
Glucose C ello b io se

P i - mg

I n i t i a l 2 .8 1 2 .86

A fte r  th re e  days 2 .8 l 2 .6 4

A fte r  one month 2 .81 2 .6 l

Ce 11 -F ree Enzyme Experim ents

In  o rd e r  to  s tu d y  more com pletely  th e  phosphory lase  which had . 

Been dem onstrated  in  o n ly  a  p resum ptive manner w ith  a  l iv in g  c u l tu r e ,  i t  

was n e ce ssa ry  to  use enzyme p re p a ra t io n s  f r e e  o f l iv in g  c e l l s . These 

were p rep a red  by  g r in d in g  th e  c e l l s  o b ta in ed  from f iv e  g a l lo n  c u ltu re s  

in  th e  manner a lre a d y  o u tl in e d .

Experim ent I .  An enzyme p re p a ra t io n  o b ta in ed  from  th e  g rin d in g  

o f 20 g o f c e l l  p a s te  w ith  Uo g o f alum ina was e x tra c te d  w ith  40 ml of 

an  M/3 5  so d iu m -ace ta te  - b a r b i t a l  b u f f e r ,  pH 7 . 0 . The alum ina and la rg e r  

c e l l  p a r t i c l e s  were removed b y  c e n tr ifu g in g  f o r  20 m inutes a t  a  r e l a t i v e



c e n tr i f u g a l  fo rc e  o f  about 2000 G. The su p e rn a ta n t f l u i d  was drawn o f f  

w ith  a  p i p e t t e .  Such p re p a ra t io n s  y ie ld e d  25 to  30 ml o f an  o p a lescen t 

crude enzyme m ix tu re . A 6 .15  #  p o r t io n  o f t h i s  f l u i d  was p la c e d  in  each 

o f s ix  20 ml t e s t  tu b e s , two o f which were th e n  p la ce d  in  a  b o i l in g  w ater 

b a th  f o r  15-20  m inutes to  in a c t iv a te  th e  enzymes. S u f f ic ie n t  0 .0 1  M 

phosphate s o lu t io n  was added to  g iv e  an  in o rg a n ic  phosphate c o n c e n tra tio n  

o f 0 .16  mg/ml. Magnesium s u l f a te  was added as  an enzyme a c t iv a to r  in  a 

f i n a l  c o n c e n tra tio n  o f I . 63 mg/ml, and 0.034  mg/ml o f sodium f lu o r id e  was 

used  t o  in h ib i t  phosphatases which might in te r f e r e  w ith  th e  accum ulation  

o f o r g a n ic  p h o sp h a te s . To one b o i le d  c o n tro l  tu b e  and to  two o f  th e  o th e r 

tu b es  was added 1 . 63 mg/ml o f g lu c o se . A s im ila r  q u a n ti ty  o f  c e llo b io se  

was added to  th e  o th e r  th r e e  tu b e s . In o rg an ic  phosphates and h e a t - la b i le  

phosphates were determ ined  im m ediately a f t e r  th e  a d d it io n  o f th e  sugars 

and a ls o  fo llo w in g  a  tw o-hour in c u b a tio n  a t  37 C.

There was no s ig n i f ic a n t  phosphate change in  th e  tu b es  to  

w hich g lu co se  had been  added (T able I I ) .  The a d d it io n  o f c e l lo b io s e , 

however, r e s u l te d  in  a  d ecrease  o f th e  in o rg an ic  pho sp h ate , in d ic a tin g  

t h a t  phosphoro ly s is  o f  th e  c e llo b io se  had ta k e n  p la c e .  But th e re  was 

no evidence th a t  g lu c o se - I -phosphate was a  p ro d u c t o f t h i s  r e a c t io n .
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TABLE I I

Changes in  phosphate when a c e l l - f r e e  enzyme p re p a ra t io n  a c ts  on 
g lu co se  and c e l ld b io s e .  R e su lts  a re  th o se  o f d u p lic a te  ex p erim en ts .

_______________________S u b s tra te ________________________
Glucose C o n tro l C e lld b io se  C o n tro l

P i  - mg

I n i t i a l 0 .81 0 .8 l 0 .80 0.80 0.79 0 .81

F in a l 0 .?2 0.95 0.83 0.64 0 .^8 0.82

+0.11 +0.1k* +0.03 -0 .15 -0 .21 +0.01

S x T - inE

I n i t i a l 0 .00 0 .00 0 .01 0 .04 0.02 0 .01

F in a l 0 .00 0 .01 0.05 0 .01 0.06 0 .01

P t o t a l  -

0 .00

mg

+0.01 +0.04 -0 .03 +0.04 0 .00

I n i t i a l 0 .8 1 0 .81 0 .81 0.84 0 .81 0.83

F in a l 0 .92 0 .96 0.88 0.66 0 .64 0.83

+0.11 +0.15 +0.07 -0 .1 8 -0 .17 0 .00

*The in c re a se  in  in o rg an ic  phosphate w ith  g lucose  is  p ro b ab ly  due to  
th e  a c t io n  o f n o n -sp e c if ic  phosphatases on o rgan ic  phosphates from 
th e  ground c e l l s .
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Experim ent 2 . A r e p e t i t i o n  of Experim ent I ,  u s in g  an enzyme . 

p re p a ra t io n  which had been  fro z e n  f o r  s e v e ra l  days gave s im i la r  r e s u l t s  

w ith  re s p e c t  to  in o rg an ic  phosphate (T able I I I ) ,  and in  a d d it io n  showed 

an in c re a se  in  th e  h e a t - l a b i l e  p hosphate .

The d ecrease  in  th e  in o rg an ic  phosphorus f r a c t io n  was. 

p ro p o r t io n a l  to  th e  in c re a se  in  th e  7 m inute h e a t - la b i le  o rgan ic  p hos­

p h a te  f r a c t io n  which c o n ta in s ' th o se  e s t e r s  in  which th e  phosphate r a d ic a l  

i s  a tta c h e d  a t  th e  number I  p o s i t io n  on th e  su g a r , such as g lu c o se -1 - 

p h o sp h a te . These a re  h e a t l a b i l e  in  d i lu te  a c id  s o lu tio n s  as  compared 

to  th e  h e a t s ta b le  g lu c o se -6 -p hosphate . T h e re fo re , th e  7 -m inute h e a t-  

l a b i l e  o rg an ic  phosphate  f r a c t io n  may be determ ined b y  s u b tra c t in g  th e  

c o n c e n tra tio n  o f th e  in o rg an ic  phosphate f r a c t io n  p r io r  to  h y d ro ly s is  

from  th a t  fo llo w in g  h e a tin g  f o r  7 m inutes a t  100 C in  I  N HG I .  This 

,accum ulation  o f h e a t - l a b i l e  phosphate was encoun tered  o n ly  when th e  

enzyme p re p a ra t io n  had been  fro z e n  f o r  a  few days. O therw ise th e re  was 

a  d ecrease  in  in o rg an ic  phosphorus b u t no co rresponding  in c re a se  in  th e  

7-minut.e phosphorus f r a c t i o n .  This was a t t r ib u te d  to  th e  p resen ce  o f 

phosphogTucomutase, an  enzyme which co n v erts  g lu c o se - I -phosphate (h e a t 

l a b i l e )  to  g lu c o se -6 -phosphate (h e a t s t a b l e ) .  I t  appeared  th a t  the  

phosphogIu c omuta se was in a c t iv a te d  b y  f r e e z in g .
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TABLE I I I

Changes in  phosphate when a fro ze n  enzyme p re p a ra t io n  a c te d  on g lucose  
and ce I lo h io s e .  R e su lts  a re  th o se  o f d u p lic a te  e x p e rim en ts .

________________________S u b s tra te _______________________
Glucose C o n tro l C ello h io se  C on tro l

P i  - mg

I n i t i a l 1 .07 1.06 0.99 1.07 1 .07 1.05

F in a l 1.07 1 .0? 1.00 0.94 0 .90 1.03

0 .00 -0 .0 1 +0.01 -0.13 -0 .17 -0.02

S

I n i t i a l 0 .00 0 .00 0 .02 0 .00 0 .00 0 .01

F in a l 0 .01 0 .01 0.02 0 .11 0.13 0.00

+0.01 +0.01 0 .00 +0.11 +0.13 -0.01

P t o t a l

I n i t i a l 1 .07 1.06 1.01 1.07 1.07 1.06

F in a l 1 .02 1.06 1.02 1.05 1.03 1.03

-0 .05 0 .00 +0.01 -0.02 -0 .04 -0 .03
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Experim ent 3 . The e f f e c t .o f  f r e e z in g  o f th e  enzyme shown in  

Experim ent 2 was confirm ed on two a d d i t io n a l  enzyme p re p a ra t io n s .  The 

changes in  phosphates in  th e  p resence  o f c e llo b io se  were determ ined  on a 

p o r t io n  o f th e  enzyme when i t  was p re p a red  and a g a in  a f t e r  having  been 

fro z e n  f o r  one week (T able  IV ). In  b o th  c a s e s , i t  was found th a t  th e  

phosphoglucorautase had been  in a c t iv a te d  and th a t  g lu c o se - I -phosphate 

had accum ulated .

Experim ent k .  To determ ine w hether th e  e f f e c t  o f  f re e z in g  th e  

enzyme p re p a ra t io n  was t r u l y  due to  an in a c t iv a t io n  o f phosphoglucorautase 

o r  p o s s ib ly  to  some o th e r r e a c t io n ,  an experim ent u sing  g l u c o s e - 1 - p h o s "  - 

'phate as th e  s u b s t r a te  was s e t  up w ith  f r e s h  enzyme and w ith  enzyme which 

had been  fro z e n  f o r  one week. F re s h ly  p rep a red  enzyme co n v erted  n e a r ly  

a l l  o f  th e  g lu c o se - I -phosphate t o  a  h e a t  s ta b le  compound, presum ably 

g lu c o se -6 -phosphate , whereas th e  fro z e n  enzyme had l i t t l e ,  i f  any, e f f e c t  

on th e  c o n c e n tra tio n  o f h e a t - l a b i l e  p h o sp h a te , in d ic a tin g  th a t  th e  

g lu c o se - I -phosphate rem ained u n a lte re d  (T able  V ).
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TABLE IV

Changes in  phosphate when f r e s h ly  p rep ared  and fro z e n  
enzyme p re p a ra t io n s  were a llow ed to  a c t  on c e l lo h io s e .  
R e su lts  a re  th ose  o f d u p lic a te  ex p erim en ts .

____________________ Enzyme______________________
F re s h ly  p re p a red __________ Frozen f o r  one week

P i - mg

I n i t i a l  0.73  0.73

F in a l  0 .51  0 ,k9

-0 .22  -0 .24

PA7 - °e

I n i t i a l  0 .00  0 .00

F in a l  0 .00  0 .00

0.00  0.00

0 .77  0 .77

0.59  0.59

-0 .18  -0 .18

0.00  0.00

0.10 0.11

+0.10 + 0.11

P t o t a l  - mg

I n i t i a l  O.73 O.73

F in a l  0 .51  0.49

-0.24

0 .77  0 .77  

O.69 0 .70  

-0 .08- 0 .22 -0 .07
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TABLE V

Changes in  phosphate when f r e s h  and fro ze n  enzyme were 
a llow ed to  a c t  on g lu c o se - I -p h o sp h a te . R esu lts  a re  
th o se  o f d u p lic a te  ex p erim en ts .

Enzyme
F re s h ly  p rep ared Frozen f o r  one week

S u b s tra te
Glucose - I -phosphate Glucose - I -phosphate

P i  - mg

I n i t i a l 0 .2b 0.24 0.22 0 .20

F in a l 0 .22 0.23 0 .18 0 .15

-0 .02 -0 .01 -0.04 -0 .05

Pa 7 " nS

I n i t i a l 0 .69 0 .74 1.27 1 .27

F in a l 0 .17 0.16 1.23 1 .31

-0 .52 -O.58 -0.04 +0 .04

P t o t a l  - mg

I n i t i a l 0.93 0.98 1.49 1.46

F in a l 0.39 0.39 1 .4l 1.46

-0 .5k -0.59 -0 .08 0 .00



Iso to p e  Experim ents

The s tu d y  o f th e  changes in  in o rg an ic  and h e a t - la b i le  phosphate 

su p p o rted  th e  "b elief t h a t  C lo strid iu m  therm ocellum  was capab le  o f 

s p l i t t i n g  c e llo b io se  by  p hosphoro lysis  b u t f a i l e d  to  dem onstrate  con­

c lu s iv e ly  t h a t  in o rg an ic  phosphate was in c o rp o ra te d  in to , th e  phosphate 

e s te r s  o f  g lucose  by  t h i s  mechanism. I t  appeared  th a t  t h i s  problem  

could  b e s t  be so lv ed  th rough  th e  use o f  in o rg an ic  phosphate en rich ed  

w ith  ra d io a c t iv e  phosphorus, p 3^ . O rganic phosphates d e riv e d  from th e  

in o rg an ic  phosphate cou ld  th e n  be a t  l e a s t  p a r t i a l l y  s e p a ra te d  by 

paper chrom atography and th e  r a d io a c t iv i ty  o f  each group o f compounds 

de term ined .

The was o b ta in ed  from O akridge, T ennessee, as an aqueous 

s o lu t io n  o f o r th o -E^PO^ w ith  a s p e c i f ic  a c t i v i t y  o f about 

0.025  m g /m il l ic u r ie . T h is s o lu t io n  was d i lu te d  100 tim es and added to  

enzyme p re p a ra t io n s  in  q u a n t i t ie s  s u f f i c i e n t  to  g ive  a  s a t i s f a c to r y  

c o u n t.

A c e l l - f r e e  enzyme p re p a ra t io n  en rich ed  w ith  P^^ was s e t  up 

in  d u p lic a te  w ith  g lucose  and w ith  c e llo b io se  as s u b s t r a t e s . B o iled  

enzyme c o n tro ls  were in c lu d ed  f o r  each su g a r . Chrom atographic analy ses 

were made im m ediately  a f t e r  adding th e  s u b s tr a te  and a g a in  fo llow ing  two 

hours* in c u b a tio n  a t  37 0 . Each chrom atographic a n a ly s is  was perform ed 

in  d u p l ic a te ,  one b e in g  developed in  th e  t e r t i a r y  b u ta n o l-p ic r ic  a c id -  

w a ter so lv e n t and th e  o th e r  w ith  th e  n -b u ta n o l-a c e tic  a c id -w a te r  so lv en t..

- 21 -
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Development was f o r  15 hours a t  room te m p e ra tu re . C on tro ls  o f  known 

phosphoric  e s te r s  were in c lu d ed  on each chromatogram.

The r a d io a c t i v i ty  o f th e  v a r io u s  phosphate e s te r s  formed du ring  

th e  course  o f th e  experim ent was determ ined  w ith  a g e ig e r  c o u n te r . The 

sp o ts  were sim ply  cu t from th e  pap er a f t e r  c o lo r developm ent and counted 

d i r e c t l y  u s in g  a  g e ig e r  tu b e  w ith  a  th in  mica window.

Paper chrom atography d id  n o t s e p a ra te  g lu c o se - I -phosphate and 

g lu c o se -6 -phosphate . S ince  th e y  were in te rc o n v e r t ib le  hy  enzymes in  th e  

ex p erim en ta l system , no a ttem p t was made to  se p a ra te  them b y  th e  use o f 

o th e r  develop ing  s o lv e n ts .

. T y p ica l chromatograms .of known phosphoric  e s te r s  and those  

form ed b y  p h o sp h o ro ly s is  a re  p re se n te d  d iag ram m atica lly  in  F ig u re  I  

( t e r t i a r y - b u ta n o l - p ic r i c  a c id -w a te r)  and F ig u re  2 (n -b u ta n o l-a c e tic  

a c id -w a te r ) .

R a d io a c tiv i ty  was found o n ly  in  th e  s p o ts .re p re s e n tin g  th e  

in o rg an ic  p h o sp h ate , g lu c o se - I -phosphate and g lu c o se -6 -phophate m ix tu re , ' 

and th e  hexose d ip h o sp h a te . There was no s ig n i f ic a n t  e s t e r i f i c a t i o n  o f 

ra d io a c tiv e 'p h o sp h a te  in  any o f th e  c o n tro l  tu b es  (b o ile d  enzyme) or 

th o se  c o n ta in in g  g lucose  as a  s u b s tr a te  (.Table V I) .  There w as, however, 

th e  in c o rp o ra tio n  o f m easurable q u a n t i t ie s  o f ra d io a c tiv e  phosphorus 

in to  th e  m ix ture  o f g lu c o se - I -phosphate and g lucose  -6 -p h o sp h a te . I t  is  

b e lie v e d  th a t  most o f t h i s  was in  th e  form  of g lucose - I  -phosphate s in ce  

th e  c o lo r o f t h i s  sp o t developed v e ry  r a p id ly ,  in d ic a tin g  th e  p resence
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F ig u re  I .  Diagrammatic r e p re s e n ta t io n  of a  chromatogram o f o rganic  
phosphate a f t e r  development w ith  te r t i a r y - b u ta n o l - p ic r ic  
a c id -w a te r .
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In o rg an ic
orthophosphate

3 -phosphoglycerate

Glu c o se -6 -phosphate
F ru c to s e -6 -phosphate

G lucose- I -phosphate

F ru c to s e -1 , 6 -d iphosphate

The
unknownThe known phosphoric  e s te r s  a re  s p o tte d  a long th i s  line

F ig u re  2 . Diagrammatic re p re s e n ta t io n  o f a chromatogram of organic 
phosphates a f t e r  developing  w ith  n -b u ta n o l-a c e tic  a c id -  
w a te r .
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R a d io a c t iv i ty  o f sp o ts  cu t from chromatograms p rep a red  b e fo re  and a f t e r  
enzyme a c t io n  on c e l lo b io s e .

TABLE VI

T e r t I a r y -b u ta n o l-p lc r Ic a c id -w a te r
I n i t i a l  - 0 h r . F in a l - 2 h r s in c u b a tio n  a t  3'

S u b s tra te P i

X
+

Glucose I  & 6
Hexose
DiPOh P i

X
+

Glucose I  & 6
Hexose
DiPOU

G lucose 570 B. G. No spo t 494 B . G. No spo t

Glucose 726 B . G. No spo t 466 6 No spo t

C o n tro l U-rJk 8 No spo t 717 B. G. No spo t

C e llo b io se 381 B. G. No spo t 536 30 No spo t

C e llo b io se 659 B. G. No spo t 532 21 No spo t

C o n tro l !+69 B. G. No spo t 463 B. G. No spot

N-b u ta n o l-a c e tic  a c id -w a te r
I n i t i a l  - 0 h r . F in a l  - 2 h r s in c u b a tio n  a t  37 C

S u b s tra te P i
Hexose

Glucose I  Sc 6 DiPOi4 P i

r
Hexose

Glucose I  Sc 6 DiPOu

Glucose 413 No spo t 11 655 No spo t 14

Glucose 520 No sp o t B . G. 762 No spo t 8

C o n tro l 387 No sp o t 9 512 No spo t B. G.

C e llo b io se 351 No sp o t 7 656 92 15

C ello b io se 654 No sp o t B. G. 318 42 13

C o n tro l 620 No sp o t B. G. 385 No sp o t B . G.

P32 wag th e  source o f in o rg an ic  phosphorus 
Counts a re  in  term s o f c o rre c te d  counts p e r  minute above background 
X - th e  unknown phosphoric  e s t e r  B. G. - background



o f th e  more e a s i ly  h y d ro ly zab le  compound. These r e s u l t s  confirm ed th e  

p resence  o f a  c e llo b io se  phosphory la se  which could, s p l i t  c e llo b io se  w ith  

th e  fo rm atio n  o f g lu c o se - I -p hosphate .

The r e l a t i v e l y  la rg e  v a r ia t io n s  in  a c t i v i t y  shown between 

th e  v a rio u s  tu b es  in  th e  same experim ent a re  due to  th e  use o f  drops of 

l iq u id  o f  unequal s iz e  in  th e  p re p a ra t io n  o f th e  chromatograms. These 

v a r ia t io n s  a re  no t d e s ir a b le  b u t  do no t a f f e c t  th e  r e l a t i v e  r e s u l t s .

The f a i l u r e  to  f in d  a  sp o t on th e  chromatogram developed w ith  

one so lv e n t whereas i t  was v i s ib l e  when an o th er so lv e n t was used 

p ro b ab ly  in d ic a te s  th e  p resen ce  o f u n id e n t i f ie d  p h o sp h a te . e s te r s  e x tra c te d  

from  th e  c e l l s  along w ith  th e  enzymes. These were a s s o c ia te d  w ith  th e  . 

g lu c o se - I -phosphate and g lu c o se -6 -phosphate when th e  t e r t i a r y - b u t a n o l— 

p i c r i c  a c id -w a te r  so lv e n t was used and w ith  th e  hexose d iphosphate  when 

th e  n -b u ta n o l-a c e tic  a c id -w a te r  so lv en t was employed. This wandering 

f r a c t io n  co n ta in ed  no m easurable r a d io a c t i v i ty  and d id  no t in flu en c e  th e  

r e s u l t s  o f  th e  experim en t. ■

C h a r a c te r is t ic s  o f th e  C e llo b io se -Phosphorylase 

E f fe c t  o f te m p e ra tu re . The phosphory lase  was q u ite  s ta b le ,  

showing v e ry  l i t t l e  change in  a c t i v i t y  fo llo w in g  s to ra g e  f o r  s e v e ra l  weeks 

I t  was a ls o  a c t iv e  over a r e l a t i v e l y  wide range o f te m p e ra tu re s . Maxima 

and minima were n o t de term ined , b u t a c t i v i t y  was q u ite  h ig h  oyer th e  range 

o f 25 C and 55 C (T able V I I ) .  A decrease  was no ted  a t  65 C, b u t th e  

enzyme was s t i l l  a c t iv e  a t  69 C, which i s  above th e  upper l im i t  o f
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TABLE V II

E f fe c t  o f  tem pera tu re  upon a c t i v i t y  o f c e lld b io se  phosphory lase  as 
r e f le c te d  by  changes in  p h o sp h a te . R e su lts  a re  those  o f d u p lic a te  
ex p erim en ts .

_____________________ Tem perature_______________________
________________ 25 C ~ 37 C 55 C 65 C

P i - mg

I n i t i a l 1 .10 1 .10 1.08 1.09 1.05 1.05 1 .01 1.02

F in a l 0 .89 0.90 0 .9U 0.91 0 .90 0 .90 0 .91 0.92

-0 .21 -0 .20 -O .llt -0 .18 -0 .15 -0.15 -0 .10 -0 .10

a 7 mS

I n i t i a l 0 .00 0 .00 0 .00 0 .00 0 .00 0.00 0 .00 0.00

F in a l 0.19 0.17 O.O7 0.12 0.09 0.08 0 .08 0.0U

+0.19 +0 .17 +0 .07 +0.12 +0.09 +0.08 +0.08 +0»0U

P t o t a l - mg

I n i t i a l 1 .10 1.10 1.08 1.09 1.05 1.05 1 .01 1.02

F in a l 1 .08 1 .07 1 .00 1.02 0 .99 0.98 0 .99 0.96

-0 .02 -0.03 -0 .08 -0 .07 -0 .06 -0 .07 -0 .02 -0 • 06
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growth o f C lo strid iu m  therm ocellum .

E f fe c t  of pH. A s e r ie s  of a c e ta te  - b a r b i ta l  "buffers o f pH 

ran g in g  from U.5 to  8 .0  was used to  determ ine th e  pH range over which 

th e  phosphory lase  was a c t iv e .  A c t iv i ty  was measured as th e  amount o f 

in o rg an ic  phosphate tak en  up. The c e l lo h lo s e -phosphorylase was a c tiv e  

over th e  e n t i r e  range employed h u t th e  maximum a c t i v i t y  was between 

pH 6 .8  and 7 . 0 . The pH changed during  th e  course  o f th e  experim en t. The 

v a lu es  g iv en  (T able V I I I ) a re  th o se  found a t  th e  end o f th e  experim ent, 

when th e  m ix tu res were checked w ith  in d ic a to r  p a p e r .

TABLE V II I .

E f fe c t of pH on a c t i v i t y  o f ceH o b lo se  phosphory lase  as r e f l e c t e d  in  
changes in  p h o sp h a te .

5 .6 5 .9 6 .0
pH

6 .2  6 .6 6 .8 7 .0 7 .4

P i  - mg

I n i t i a l 1.28 1.30 1.29 1.29 1.29 1.28 1.29 1.27

F in a l 1.22 1 .11 1.07 1.05 1.05 1.00 1.01 1.01

-0 .06 -0 .19 -0 .22 -0.24 -0 .24 -0 .28 -0 .28 -0 .26
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S p e c i f i c i ty  o f th e  phosphory la s e . Enzymes a re  u s u a lly  q u ite

s p e c i f ic  in  t h a t  th e y  c a ta ly z e  on ly  a c e r ta in  type o f chem ical r e a c t io n  

o r a re  a c t iv e  on compounds having s im ila r  s t r u c tu r e s . S ince th e  phos- 

p h o ry la se  was a c t iv e  on c e I lo b lo s e , a £ -g lu e o s id e , i t  was t e s t e d  fo r  

a c t i v i t y  on th e jf -g lu c o s ld e  s a l l c l n ,  and on th e  f - g a la c to s id e s  m e lib io se , 

r a f f in o se , and la c to s e .  O ther sugars t e s t e d  inc luded  m a lto se , su c ro se , 

and t r e h a lo s e .  The f  -g lucoside  g e n tio b lo se  was no t a v a i l a b le .

The c e llo b io se  phosphory lase  was no t a c t iv e  on any o f th e  

sugars o r g lu c o s ides t e s t e d  o th e r  th an  c e llo b io se  as in d ic a te d  by th e  

changes in  th e  c o n c e n tra tio n  o f in o rg an ic  phosphate (T able IX ). This 

h ig h  degree o f s p e c i f i c i t y  is  comparable to  th a t  found in  o th e r  phos- 

p h o ry la s e s .

TABLE H

A ction  o f c e llo b io se  phosphory lase  on v a rio u s  sugars as r e f l e c t e d  by 
phosphate changes. R esu lts  a re  th o se  o f d u p lic a te  experim en ts.

________________________S u b s tra te _________________________
L actose M altose M elib iose R affin o se

P i  - mg

I n i t i a l
F in a l

CVJ 
0

\ C
O

 
O

N
C

O
 

O

d
 d

 o

-d" -d" 
O

 
O

n O
n O

O
 

O
 

O

0 .89
0 .91

+0.02

0 .91  0 .91  
0 .90  0 .91  

-0 .01  0 .00

S u b s tra te

0.92
O.9U

+0.02

0 .90
0 .91

+0.01

0.91
0 .9%

+0.03

Sucrose T rehalose S a l ic in C ello b io se

I n i t i a l 0 .88 0 .90 0 .93 0.92 0 .91 O.89 O.89 0.91
F in a l 0 .88 0 .91 0.95 0 .91 0.96 0 .89 0 .77 O.78

0 .00 +0.01 +0.02 -0 .01 +0.05 0 .00 -0 .12 -0.13
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In h ib i t io n  by  g lu c o se * I t  was observed by  Doudoroff ( 19^ 3 ) 

t h a t  sucro se  phosphory la se  was in h ib i te d  by  th e  accum ulation  o f th e  f r e e  

m onosaccharide which i t  p roduced. S ince th e  p ro d u c ts  o f a phosphory lase  

a c tin g  on c e llo b io se  should  be g lu c o se - I -phosphate and g lu co se , an 

experim ent was s e t  up u sing  I . 63 mg/ml of c e llo b io se  in  one tu b e , and 

I .6 3  mg/ml each o f c e llo b io se  and g lu co se  in  th e  o th e r tu b e . The amount 

o f in o rg an ic  phosphate ta k en  up in  th e  tube co n ta in in g  c e llo b io se  was 

more th a n  tw ice  th e  phosphate uptake in  th e  tube to  which g lu co se  had 

been  added (T able X ). The c e llo b io se  phosphoryl a s e appears to  be s im ila r  

to  su cro se  phosphory lase  w ith  r e s p e c t  to  p ro d u c t in h ib i t io n .

TABLE X

I n h ib i t io n  o f c e llo b io se  phosphory lase  a c t i v i t y  by g lu c o se .
R e su lts  a re  th o se  o f d u p lic a te  ex p erim en ts .

____________________ S u b s tra te ___________________
____________________ C ello b io se_____________C ello b io se  and G lucose

P i - mg

I n i t i a l  O.89 0 .91  » . 9© ©*91

F in a l  0 .77  0.78  0 .8$ 0 . 8$

- 0.12 -0 .13 -0.05 -0 .06
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DISCUSSION

The o b se rv a tio n  made by  McBee ( 19^8 ) th a t  C lo strid in m  

therm ocellum  could  use c e l lu lo s e  and c e llo b io se  as energy  sources b u t 

cou ld  no t u t i l i z e  g lucose  was n o t ad eq u a te ly  ex p la in ed  a t  t h a t  tim e . The 

f in d in g  of a  c e llo b io se  phosphory lase  in  th e  c e l l s  o f t h i s  organism  not 

on ly  h e lp s  to  c l a r i f y  th e  mechanism whereby i t  uses c e llo b io se  w ith o u t 

h y d ro ly s is  to  g lu c o se , b u t a ls o  adds a p re v io u s ly  u n rep o rted  enzyme to  

th e  l i s t  o f d isa c c h a r id e  p h o sp h o ry la se s . I t  a ls o  lead s’ to  th e  sp e c u la ­

t i o n  th a t  d!sa c c h a r id e  phosphory lases may be q u ite  common in  n a tu re  b u t 

have no t been  found because i t  was b e lie v e d  th a t  th e  su cro se  phosphory­

la s e  re p o r te d  b y  Kagan et_ a l . , ( 19^2 ) and by  Doudoroff e t  a l . , ( 1943) 

was a  unique type  o f enzyme. A sea rc h  f o r  o th e r  phosphory lases may 

r e v e a l  t h e i r  p re se n c e . The im portance o f t h i s  type of enzyme to  an 

organism, is , ap p a ren t when energy  y ie ld  from  a complex s u b s t r a te  is  

c o n s id e red . The sim ple h y rd o ly s is  o f c e llo b io se  to  two m olecules o f g lu ­

cose may produce a sugar fe rm en tab le  b y  many organism s, b u t a  f a i r l y  

la rg e  ex p en d itu re  o f energy  i s  re q u ire d  t o  change th e  g lu co se  to  

g lu c o se -6 -phosphate , th e  f i r s t  s te p  re q u ire d  f o r  th6  u t i l i z a t i o n  of th e  

su g a r . I f  th e  d isa c c h a r id e  i s  s p l i t  by  phosphoro l^si s , however, th e  

r e a c t io n  i s  exotherm al and produces g lu co se  - I -phosphate , w hich may 

r e a d i ly  be co n v erted  to  g luc6s,e-6 -phosphate by  th e  enzyme phosphogluco- ■
r

m utase . The organism  is  th e re fo re  ab le  to  form one m olecule of 

g lu c o se -6 -phosphate from  each d is a c c h a r id e  m olecule w ith o u t an energy

- > ■
' h(
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e x p e n d itu re . T his type  o f phosphoro lysis  i s  v e ry  s im ila r  to  h y d rd ly s i s } 

th e  o n ly  d if fe re n c e  "being th a t  phosphoric  a c id  e n te rs  in to , th e  r e a c t io n  

instea.d  o f w a te r .

The c e lld b io se  phosphory lase  which can "be l ib e r a te d  from the  

c e l l s  o f C lo s trid iu m  therm ocellum  by  g rin d in g  w ith  powdered alum ina has 

c h a r a c te r i s t i c s  v e ry  s im ila r  to  th o se  o f th e  sucrose  and m altose  phos- 

p h o ry la ses  which have been  s tu d ie d  (Doudoro f f , 1943) ( F i t t in g  and Scherp 

1952)- I t  i s  a c t iv e  over a wide pH range w ith  an optimum a c t i v i t y  near 

n e u t r a l i t y .  I t  i s  h ig h ly  s p e c i f ic ,  b e in g  a c t iv e  on c e lld b io se  b u t none 

o f th e  o th e r  compounds t e s t e d .  I t  shou ld  be p o s s ib le  to  sy n th es iz e  

c e lld b io se  from  g lucose  and g lu c o se - I -phosphate by  means o f t h i s  enzyme. 

I t  i s  a ls o  p o s s ib le  th a t  a s e r ie s  o f d isa c c h a r id e s  no t found in  n a tu re  

cou ld  be sy n th e s iz e d  i f  o th e r  m onosaccharides were s u b s t i tu te d  f o r  the  

g lucose  in  th e  above r e a c t io n .  Such compounds have been  sy n th es iz ed  by  

th e  use o f su cro se  phosphory lase  (Doudoroff, H assid , and B a rk e r , 1944) .

The f a t e  o f th e  m olecule o f g lucose  form ed.by p h o sp h o ro ly sis  

o f c e lld b io se  has n o t been  de term ined . S ince  g lucose  does no t accumu­

l a t e  in  c u ltu re s  o f  C lo s trid iu m  therm ocellum  i t  must be used  b y  th e  

organism , even though g lu co se  added to  th e  medium is  n o t u t i l i z e d .

There a re  s e v e ra l  p o s s ib le  ex p lan a tio n s  f o r  t h i s  phenomenon. The

c e l l  w a ll may no t be perm eable t o  g lu c o se . The phosphory lase  may serve 

to  c a r ry  c e lld b io se  th ro u g h  th e  c e l l  w a ll  in to  an o rd e r ly  sequence of 

enzymes where g lu co se  can be u t i l i z e d .  T his i s  supported  b y  th e  obserya
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t i o n  t h a t  a  g lu co k in ase  i s  p re s e n t  in  th e  enzymes e x tra c te d  from  th e  . 

c e l l s .  The compound' decomposed "by th e  phosphory lase  in  th e  c e l l  may he 

a  d e r iv a t iv e  o f c e llo h io se  in s te a d  o f f r e e  c e l lo h io s e .  This would 

l i b e r a t e  a  g lucose  d e r iv a t iv e  in s te a d  o f f r e e  g lu c o se . The evidence fo r  

th e  e x is te n c e  o f a  c e llo h io k in a se  which might make a  c e llo h io se  phosphate 

i s  n e g l ig ib le  h u t i t  i s  s t i l l  a  p o s s i b i l i t y  th a t  has no t been  ru le d  o u t.

W hatever mechanism is  o p e ra tiv e  b e s id e s  th e  phosphory lase  is  

s t i l l  no t d e f i n i t e l y knotm and i s  a m a tte r f o r  fu r th e r  s tu d y . The 

p o s s ib le  methods o f c e llo h io se  u t i l i z a t i o n  a re  in d ic a te d  in  r e a c t io n s  

•o u tlin e d  (F ig u re  3 ) .

R eac tio n  I  i s  t h a t  which is  found in  b a c te r ia  c o n ta in in g  a 

c e l lo h ia s e  and w hich a re  capab le  o f u t i l i z i n g  g lu c o se . R eac tio n  2 is  

a  summary o f re a c t io n s  t h a t  have been  observed, in  enzyme p re p a ra t io n s  1 

from  C lo s trid iu m  therm ocellum . The g lu co k in ase  has been  w e ll  e s ta b lis h e d  

a lth o u g h  i t  i s  no t a  p a r t  o f  t h i s  t h e s i s .  R eac tio n  3 r e q u ire s  th e  

p resen ce  o f a  h y p o th e tic a l  d isa c c h a r id e  k in a s e , c e llo h io k in a s e , which is  

p o s tu la te d  b u t has no t been  proven  to  e x i s t .  The o b serv a tio n s  

p re se n te d  in  t h i s  s tu d y  le a d  to  th e  co n c lu sio n  th a t  r e a c t io n  2 i s  th e  

one which i s  most l i k e l y  to  occur in  c e l l s  o f C lo strid iu m  therm ocellum  

growing on c e l lo h io s e .



PhosphorylaseC ello h lo k ln ase
CeI lo h lo se  -X -phosphate ■> Glucose -I-PO4 + Glucose -C ello h io se

X -  PO,

C e llo - Phosphoglucd- 
mutase

Glucose
G lucose - 6 -POj4

G lucose-I-PO. + GlucoseG lucokinase

Phospho-
g lu c o -
rautase

G lucokinaseG lucose-6 -PO,

G lucose-6 -POj4 G lucose-6 -PO,

F ig u re  3 » P o ss ib le  methods o f c e llo b io se  u t i l i z a t i o n  hy C lo strid iu m  therm ocellum



SUMMARY

C e l l - f r e e  e x t r a c ts  o f  C lo strid iu m  thermoce Hum were found to  

c o n ta in  ah enzyme, ce llo h io se -p h o sp h o ry la s e , which c a ta ly z e s  th e

fo llo w in g  r e a c t io n :  C e llo h io se  + HgPO^ __________^ G lucose- I -phosphate

G lucose. This r e a c t io n  was confirm ed h y  th e  use o f chem ical methods 

to  fo llo w  changes in  o rg an ic  and in o rg an ic  phosphates and a ls o  hy  th e  

use o f r a d io a c tiv e  p32 as a  t r a c e r . I t  was found th a t  in  th e  p resence 

o f c e l lo h io s e ,  th e  enzyme caused a  d ecrease  in  th e  in o rg an ic  phosphate 

and a co rrespond ing  in c re a s e  in  g lu c o se - I ^phosphate. The fo rm ation  of 

gIu c ose - I -phosphate , however, cou ld  n o t he d e te c te d  u n le ss  phospho- 

glucom utase was in a c t iv a te d .  This cou ld  he done hy  s to r in g  th e  

enzyme p re p a ra t io n  in  th e  fro z e n  s t a t e  f o r  a  few days. .

The phosphory lase  was a c t iv e  over a  wide range o f pH and 

te m p e ra tu re . I t  was a ls o  s p e c i f ic  in  i t s  a c t io n ,  as i t  e x e r te d  

a c t i v i t y  o n ly  oh c e l lo h io s e .

T his phosphoro ly t ic  r e a c t io n ,  however, s t i l l  does n o t e x p la in  

th e  n o n - u t i l iz a t io n  o f g lucose  in  th e  c u ltu re  medium, a  phenomenon 

which re q u ire s  f u r th e r  in v e s t ig a t io n .
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