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SUMMARY 

I Some properties of an endocellulase (fl-I,4-glucan 4-glucanohydrolase, EC 
3 2 I 4), previously isolated from culture filtrates of  the wood-degrading fungus 
Polyporus schwe,mtz,,  F r ,  have been investigated 

2 The cellulase is stable between pH 2 6 and 7 5 Using a VlSCOSm~etnc test 
with CM-cellulose as the substrate,  an op t imum act ivi ty  was found at about  pH  4 o, 
al though only a very  slight fall was observed at a lower pH With  an increasing pH 
above 4 o, the act ivi ty decreased sharply, and the enzyme lS almost inactive above 
p H 6 o  

3 The cellulase has an op t imum act ivi ty at about  60 ° and IS almost completely 
stable up to this temperature ,  at higher temperatures  it is rapidly denatured 

4 The molecular weight was determined on a cahbrated Sephadex G-Ioo column 
and  was found to be 45 ooo ± 4 500 

5 Dewaxed cot ton cellulose ~s practically unat tacked by  the cellulase bo th  
before and after purification and after the addition of  a mycehum extract,  whereas a 
regenerated cellulose was readily degraded,  the amorphous regions are preferentially 
a t tacked 

6 I t  was found that  hydroxyethylcellulose wa~ more easily degraded than a 
CM-cellulose with a similar degree of subst i tut ion and, m hmtted  experiments with 
hydroxyethylcelluloses, tha t  susceptibility to enzymat ic  a t t ack  is reversely pro- 
portlonal to the degree of  substi tut ion 

7 The results are compared with those for cellulases from other sources and are 
discussed an relation to the behavior of P schwe,n,tz,z zn v,vo 

INTRODUCTION 

In a previous paper I the purification of a random ac tmg (endo)cellulase (fl-I, 4- 
glucan 4-glucanohydrolase, EC 3 2 I 4) from culture filtrates of the wood-degrading 
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fungus Polyporus schwe,mtz** Fr  was described Although the crude filtrate contains 
many other polysaccharlde-split tmg enzymes and much nucleic acld material, the 
final product of the purification is free of these except for a small amount of mannanase 
(cf ref i) 

The present paper concerns certain properties of thm cellulase including its 
abil i ty to degrade various celluloses and cellulose derivatives 

MATERIALS AND METHODS 

Orgamsm, culture conditions 
P schwe,n,tz,, F r ,  strain number VlIa, CBS, Baarn was grown in a hqmd 

culture medium as described by  BAILEY el al 1 
Cellulase assay 
A vlscosimetnc test using CM-cellulose in a o 05 M, acetate buffer (pH 4 o) was 

used as described earher 1 
Molecular we,ght determ,nat,on using gel chromatography 
The method employed is essentially that  described by WHITAKER 2 Sephadex 

G-Ioo (Pharmacla, Uppsala) was equilibrated with o 05 M lmldazole-HC1 buffer 
(pH 7 2) o i M in KC1 and was packed into a I cm × 5 ° cm column under a maximum 
pressure of a Io-cm water column The outer volume V0 of the gel bed was determined 
an the usual way with Dextran Blue (Pharmacla) The elutlon volumes for the following 
proteins were determined using the spectrophotometnc method for estimating pro- 
tern 3 Cytochrome c (Boehrlnger, Mannhelm), lysozyme (EC 3 2 I 17) (Boehrmger, 
Mannhelm), chymotrypsln (Boehrmger, Mannhelm), ovalbumm (Serva, Heidelberg) 
and bovine serum albumin (Serva, Heidelberg) In addition Ve for peroxldase (EC 
i I I  I 7) (Boehrmger, Mannhelm) was determined using the enzyme assay 4 for the 
individual fractions A calibration curve of Ve/V o against log tool wt was prepared 

Matermls 
A regenerated cellulose was prepared by  the slow addit ion of a solution of cotton 

hnters an cuoxam to an aqueous solution of Rochelle salt 5,n under N z with stirring 
A native cotton cellulose (Columbia) scoured in o 5% NaOH under N 2 and 

extracted with benzene and acetone was donated by  Temmmg, Gluckstadt  
Hydroxyethylcellulose was prepared by  the action of ethylene oxide on a 

solution of cotton hnters in dlmethyldlbenzylammonium hydroxide (ref 7, E HUSE- 
MANN AND E SIEVERT, unpubhshed results) 

Index of crystall,mty of cellulose (C I) 
The CI values were determined as described by  HERMANS AND WEIDINGER 8 and 

by  KAST AND FLASCHNER 2 Dried cellulose samples were loaded with random orien- 
tat ion into the specimen window (I cm × 1. 5 cm) Radial  traces of the X-ray dif- 
fraction pat terns  were obtained directly with a counter-tube gomometer These curves 
were evaluated by  plammeterlng rather than by using diffraction peak heights (cf. ref 
IO). CI IS defined as Acn/(Acn + AAM) where Acn and AAM are the integrated intensi- 
ties due to the crystallme and amorphous contents, respectively. 

The experimental curves were made usmg monochromatic Cu Ka radiat ion in 
a Phlhps X-ray  dlffractometer operating with a tube voltage of 35 kV/2o mA and a 
recording speed of o 5 ° per mm 
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RESULTS AND COMMENTS 

pH optimum and stab,l, ty 
The cellulase ac t i v i t y  was de te rmined  at  var ious  p H ' s  m the range 2 6-5 6 

The s t a n d a r d  tes t  was used except  t ha t  the  subs t r a t e  was dissolved m ei ther  an ace ta te  
or c i t ra te  buffer of the  desired pH,  and the  enzyme p repa ra t ion  was su i t ab ly  d i lu ted  
with  the  same buffer As shown in Fig  I ,  no sharp p H  o p t i m u m  was found, bu t  the  
a c h v l t y  is highest  a round  p H  4 o Discrepancies  in the  ac t i v i t y  values In the  region of 
o v e r l a p ( F i g  I ) a r e p r o b a b l y d u e t o u n m v e s t l g a t e d l o n l c e f f e c t s  F u r t h e r  measurements  
a t  lower p H ' s  were not  made,  as i t  becomes increas ingly  difficult to exclude the effects 
of  the  acid  hydro lys i s  of the  subs t ra te  

The enzyme was found to be s table  not  only  in the  p H  range tes ted  bu t  also at  
p H ' s  up to 7 5 bu t  above  p H  6 o, the  enzyme had  p rac t i ca l ly  no ac t i v i t y  Other  au thors  
working with cellulases from different sources have found s imilar  p H - a c t l v l t y  re la t ion-  
ships, a l though symmet r i ca l  and  re la t ive ly  sharp  p H  op t ima  have also been repor ted  
(see for example  refs 11-13) However ,  i t  is not  possible to conclude t ha t  the  p H  
dependence  var ies  wi th  the  source of the  enzyme,  since the  numerous  different tes t s  
and  subs t ra tes  used prevent  a s t r ic t  compar ison of  the  ind iv idua l  resul ts  

Temperature optimum and stab,l#y 
P schwe,n,tz,, cellulase has o p t i m u m  ac t iv i t y  at  about  60 ° (Fig 2), at  higher  

t empera tu re s  inac t iva t ion  p redomina tes  (Although the  p H  o p t i m u m  is about  6o °, 
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Fig i pH dependence of the cellulase ac twl ty  at  2o °, Q - - - - - - O ,  m o o5 M citrate buffer, 
© - -  ©, m o 05 M acetate  buffer 

Fig 2 Tempera ture  dependence of the cellulase acttvlty m o o 5 M acetate buffer (pH 4 o) 

roun tme  ac t i v i t y  tes ts  were carr ied out  at  20 ° because of the  inconvenience of making  
viscoslmetr lc  measurements  at  higher  t empera tu res  ) To de te rmine  more precisely the  
effect of t empera tu re ,  a d i lu ted  solut ion of the  enzyme was incuba ted  wi thou t  the  
subs t r a t e  for IO m m  at  var ious  tempera tures ,  was cooled m an i ce -wa te r  b a t h  and was 
tes ted  m the  usual  way  at  20 ° The resul ts  (Fig 3) indica te  t ha t  the  cellulase is com- 
p le te ly  s table  up  to about  60 ° b u t  is ve ry  quickly  dena tu red  at  higher  t empera tu re s  
This  re la t ive ly  high t h e r m o s t a b l h t y  In bo th  the  presence and  absence of the  subs t r a t e  
appears  to be character is t ic  of fungal cellulases 14 
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Fig  3 H e a t  s t a b l h t y  o f  t h e  ce l lu lase  T h e  e n z y m e  w a s  m a m t a l n e d  for i o  mil l  a t  a g i v e n  t e m -  
p e r a t u r e  in  t h e  a b s e n c e  o f  s u b s t r a t e  A f t e r  c o o h n g  t h e  a c t i v i t y  w a s  t e s t e d  m t h e  u s u a l  w a y  m 
o 05 M a c e t a t e  buffer  (pH 4 o) a t  20 ° T h e s e  a c h v l t l e s  are  s h o w n  m t h e  figure, e x p r e s s e d  as  a 
p e r c e n t a g e  o f  t h e  a c t i v i t y  o f  u n h e a t e d  e n z y m e  at  20 ° 

Molecular weight 
The molecular weight of the ceUulase was determined from experiments using 

gel chromatography as described by WHITAKER 2 A cahbration curve was prepared 
for a Sephadex G-ioo column in o 05 M lmldazole-HC1 buffer (pH 7 2) o I M in NaC1 
using the following proteins of known molecular weight" cytochrome c, lysozyme, 
chymotrypsm, peroxldase, ovalbumm and bovme serum albumm Under the same 
experimental conditions, the P schwe~mtz~, cellulase gave a value for Ve/V o of I 54 
whmh corresponds to a molecular weight of 45 ooo 4- 4500. Usmg the equation 

log M = 5 914 - -  o 847 (Ve/Vo) 

proposed by DETERMANN 15 the results give a molecular weight of 43 ooo The use of 
Sephadex (a cross-hnked dextran) for determmlng the molecular weights of poly- 
glycanases has been questioned because an interaction between the gel and enzyme 
may occur, leading to retardation and low estimations of molecular weight However, 
current work on the molecular weight determination of other polysaccharlde-degrading 
enzymes using Bio-gel (polyacrylamlde), as expected, shows that no interaction 
between such enzymes and this gel occurs, thus no retardation occurs, and the mole- 
cular weights determined m this way compare well with those found using other 
methods (e g ,  in the ultracentrifuge) Furthermore the results indicate that in the 
lower molecular weight range ( <  50 ooo), the values derived from experiments with 
Sephadex columns are correct within the quoted error (G KEILICH AND K D FRANKEN, 
unpubhshed results) 

Heterogeneous degradation of cellulose 
Nat,ve and regenerated cellulose The ability of P schwe,n,tz, z cellulase to degrade 

a regenerated cellulose was demonstrated earlier ] It is well known that native cellu- 
loses are less easily attacked by cell-free cellulase preparations than are regenerated 
celluloses or soluble cellulose derivatives (see ref 16) Therefore it was of interest to 
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T A B L E  I 

DEGRADATION OF A DEWAXED NATIVE CELLULOSE (COLUMBIA COTTON) BY VARIOUS CELLULASE 
PREPARATIONS FROM P schwezmtz~z 

I n  each  case  25 o m g  o f  s u b s t r a t e  were  i n c u b a t e d  at  35 ° for 72 h w i t h  a n  e n z y m e  e q u i v a l e n t  to  
15 ce l lu lase  un i t s  d i lu ted  to  a f inal v o l u m e  o f  35 m l  w i t h  o 05  M ace ta te  buffer  ( p H  4 o) T h e  m y -  
c e h u m  e x t r a c t  w a s  prepared  b y  e x t r a c t i o n  w i t h  o o 5 M a c e t a t e  buffer  ( p i t  4 o) f o r  2 h w i t h  s t i rr ing ,  
the  a m o u n t  o f  e x t r a c t  used  c o r r e s p o n d e d  to  a b o u t  the  s a m e  a m o u n t  o f  cu l ture  y i e ld ing  t 5 cellu 
lase  u m t ~  

Enzyme Celhdose P~ of 
weight cellulose 
loss after 
(%) *ncubatzon 

(ortgznal 
P~ = 5800) 

Crude cu l ture  f i l trate  < i 5 6 0 0  
Puri f i ed  e n z y m e  ~.. i 4 3 0 o  
Purif ied e n z y m e  + 

m y c e h u m  e x t r a c t  < I 5 7 0 0  
Control  < t 5 7 0 o  

investigate the ability o f P  schwe, nztz** cellulase to degrade a native cellulose Dewaxed 
cotton fibres were used, and we compared the ablhty of the crude culture filtrate, the 
culture filtrate plus mycehum extract and the purified enzyme to degrade it The 
experimental conditions and results are shown in Table I It IS clear that little attack 
has taken place, ,  e ,  that no substance has been detected in the mycehum or in the 
culture filtrate which facilitates the degradation of native cellulose ~n v~tro Using a 
regenerated cellulose and under similar experimental conditions, a decrease in Pw to 
about i/IO of the original value was observed 1 The different susceptlblhtles of native 
and regenerated celluloses is clearly demonstrated 

Effect of the crystalhnzty of the cellulose The inablhty of isolated cellulases to 
degrade native celluloses lS usually associated with the lngher crystalhnmty and the 
different crystalline form of native celluloses In order to learn if any similar effect 
occurs with a regenerated cellulose, we investigated the crystalhnltles of such a 
substrate before and after incubation with the P schwe,mtz** cellulase The crystal- 

T A B L E  I I  

THE EFFECT OF THE ENZYMATIC DEGRADATION ON THE I N D E X  OF CRYSTALLINITY (CI) OF A REGE 
NERATED CELLULOSE 

CI  w a s  d e t e r m i n e d  b y  p l a n l m e t r y  from the  c u r v e s  s h o w n  i n  F i g  4 

Specimen CI Increase 
~n Ci 
(%) 

U n t r e a t e d  o i 0 t  o 

I n c u b a t e d  in buffer 
so lu t ion  o 159  o 

I n c u b a t e d  in buffer plus 
e n z y m e  o 232  45 
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Fig 4 I n d e x  of  c r y s t a l h m t y  of  regenera ted  cellulose (i) u n t r e a t e d ,  (2) i n c u b a t e d  wi th  buffer ,  
(3) i ncuba t ed  wi th  buffer  and  e n z y m e  (under  t he  s ame  condi t ions  as descr ibed  for na t lve  ce]lulose 
m the  legend to Table  I) T he  curves  r ep resen t  ra&al  t races  o f  t h e  X - r a y  diffract ion pa t t e rns ,  
ob ta ined  direct ly  wi th  a coun t e r - t ube  g o m o m e t e r  AcR and  AA~t r ep re sen t  t he  i n t eg ra t ed  in- 
t e n s i t y  o f  s ca t t e r ing  ar is ing f rom t he  crys ta l l ine  a n d  a m o r p h o u s  c o n t e n t s  o f  t he  spec imens ,  
respec t ive ly  

hnltles were compared on the basis of their index of crystallmity (Co) values deter- 
mined from X-ray diffraction experiments as described above Fig. 4 shows the 
experimental curves, and Table I I  shows the results after planlmetric evaluation. 

The increase in the index of crystalhnity indicates that amorphous regions of 
the cellulose are preferentially attacked Although regenerated cellulose has a different 
crystalline lattice than has native cellulose 17, it is clear that  such supramolecular 
structure still plays an important role in determining the susceptlblhty of cellulose to 
enzymatic degradation 

Degradat,on of cellulose denvat,ves 
In addition to the tests with CM-cellulose, we have also investigated the use of 

water-soluble hydroxyethylcelluloses having o 3 and o 6 as degrees of substltutlon as 
substrates The experimental conditions were the same as described for the test with 
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CM-cellulose 1. The re la t ive  act iv i t ies  for these three  subs t ra tes  were approx ,  i 4 8, 
respect ive ly  The effect of the  degree of subs t i tu t ion  on the  suscept ib i l i ty  of cellulose 
der iva t ives  to  enzymat ic  hydro lys i s  has been inves t iga ted  b y  a number  of authorslS e3 
Our results,  which confirm tha t  an increasing degree of  subs t i tu t ion  cor responds  to a 
decreasing suscept ib i l i ty ,  also subs t an t i a t e  the  findings of WIRIK I9,~° t ha t  h y d r o x y -  
ethylcel lulose is more easi ly degraded  than  is CM-cellulose of  the  same degree of  
subs t i tu t ion  In  order  to discuss these effects fur ther  and  to propose a mechanism for 
the  sp l i t t ing  of  such subst ra tes ,  fur ther  kinet ic  exper iments  and analyses  of  the  hy-  
drolysis  p roduc ts  are necessary In  the  absence of these, It is not  possible to decide 
whether  the  proposed  mechanisms  ofWIRIK 19,2° also app ly  to the  ac t ion o f P  schwem~t- 
zn cellulase 

DISCUSSION 

In  discussing cellulolytlc enzyme sys tems three  poin ts  are usual ly  of most  
in teres t  (I) whether  one or more enzymes or o ther  factors  are necessary  for the  
degrada t ion  of na t ive  cellulose, (2) the  course of the  hydro lys i s  ( random or endwise) 
and  (3) the  number  of hyd ro ly t i c  components  present .  

REESE et al 16 proposed  the  following scheme 

C1 Cx's 
Native cellulose--+ hnear polyanhydroglucose chains- - -+  soluble small molecules 

There  have  been numerous  repor ts  provid ing  evidence for a C 1 s tage SELBY AND 
MAITLAND ~4,25 and SELBY 26, working wi th  Trwhoderma v,r,de and  Penwzllum fum-  
culosum, claim to have comple te ly  separa ted  a C 1 fac tor  from the hydro ly t i c  Cx 
enzymes BJOERNDAL AND ERIKSSON I3, however,  repor t  the  isola t ion from the wood-  
degrading  fungus Stereum sangmnolentum of a single enzyme capable  of  degrad ing  
na t ive  cellulose to celloblose and  glucose The role, and  perhaps  the  un lve rsah ty ,  of  
a C 1 factor  is st i l l  uncer ta in  In  the  second s tep  of the  scheme of  REESE et al 16, va r ious  
enzymes m a y  be involved  The exis tence of  endocellulases ( random acting) is well  
known, bu t  the  occurrence of exocellulase (endwise acting) has stil l  to be es tab l i shed  
an most  cases. 

Our  tes ts  wi th  na t ive  cellulose showed tha t  the  P schwe, n,tz** cul ture  f i l t ra te  
used conta ined  no C1 factor  F u r t h e r m o r e  we were unable  to de tec t  any  an the  my-  
cehum I t  as not  possible to account  for this  wi th  any  ce r t a in ty  as, a number  of  factors  
m a y  be responsible ,  if  C1 is induc t ive  i t  would not  be p roduced  in cul tures  wi th  only  
glucose as the  carbon source, and  i t  m a y  be uns tab le  or inac t ive  In cell-free p repa ra t ions  
(al though those isola ted b y  SELBY and co-workerZ5, 26, pa r t i cu l a r ly  t ha t  from P fum-  
culosum, appea r  to be re la t ive ly  stable) In  addi t ion ,  It is possible t ha t  P schwe,mtz,, 
does not  produce a C 1 factor  even ,n vwo There is cer ta in  evidence t ha t  na t ive  celluloses 
develop thei r  high resis tance to enzymat i c  degrada t ion ,  and  hence the  need for a C 1 
stage, af ter  d ry ing  For  example ,  i t  has been repor ted  t ha t  co t ton  fibres which have  
never  been dr ied and were ob ta ined  from the unopened  boll  are read i ly  hydrohzed  b y  
cul ture  f i l t rates of  var ious  organisms (ref 27) I f  d ry ing  the  cellulose does p l ay  an 
Impor t an t  role, then  It IS perhaps  significant t ha t  P schwe,n,tz** l ives inamly  as a 
paras i te ,  ~ e ,  in undr ied  wood, and  m a y  cont inue to live as a s a p rophy t e  as long as the  
wood remains  wet ,  fur thermore ,  i t  is v i r tua l ly  inac t ive  in l abo ra to ry  tests  involving 
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T A B L E  I I I  

MOLECULAR WEIGHT OF CELLULASES 

The values given here are those mentmned m the literature, for more details regardlng the 
degree of accuracy and the purity of the product used, see original literature Except where 
stated the enzyme is an endocellulase 

.4 uthors Source of enzymes Molecular Method 
we*ght 

PETTERSEN el a l  a8 

PETTERSEN AND 
PORATH 29 

DATTA, et al so 

K I N G  s* 

IWASAKI et a l  32 

L I  et al n 

SELBY AND 
~{AITLAND 24 

Polyporus vers,color 

Polyporus verszcolor 

Myrotheczumverrucarm 

Trzchoderma vzr, de 

Trzchoderma komng*z 

Trzchoderma vzrzde 

3lyrothec,umverracarm 

SELBY AND T r , c h o d e r m a  v , r , d e  
MAITLAND z5 

BJORNDAL AND 
ERIKSSON TM 

PETTERSEN 
AND E A K E R  33 

OKADA el al 34 

Slereum sangu,nolentum 

Pemc,llum notatum 

Trzchoderma vzr*de 

I I 4 0 0  U l t r a c e n t r i f u g e  

51 o o o  U l t r a c e n t r i f u g e  

49  o o o  U l t r a c e n t r i f u g e  

42  o o o  U l t r a c e n t r i f u g e  
6 I  ooo* 
6 0  ooo** 

5 ° o o o  U l t r a c e n t r i f u g e  

52 o o o  U l t r a c e n t r i f u g e  
76  ooo* 

3 ° o o o  Ge l  p e r m e a t i o n  
5 3 ° 0 " *  c h r o m a t o g r a p h y  

55 OOO'* 

12 o o o  Ge l  p e r m e a t i o n  
4 8  0 0 0 - 6 2  o o o  c h r o m a t o g r a p h y  
6I  ooo** 

2I  2 o o  U l t r a c e n t r i f u g e  

35 o o o  U l t r a c e n t r i f u g e  

58 9 0 o  U l t r a c e n t r i f u g e  
62  4 0 0  
6 0  2 0 0  

" E x o c e l l u l a s e  
** C1 

*** A c t i v e  a g a i n s t  c o t t o n  

dried and re-wetted wood specimens, v,z P schwe,n,tz,,  is apparently unable to lave 
on dried wood cell walls This behavior could be associated with an inability to effect 
a C a stage Unfortunately there are insufficient data on the cellulolytic enzyme systems 
of wood-destroying fungi and on the relationship between the physical form of cellu- 
loses and the C1 stage, etc to allow further discussion of this Idea It  must be reahzed, 
of course, that  other factors also determine the parasitic/saprophytic behavior of 
such fungi 

Regarding the mode of action of P schwe,mtz** Cx cellulase, at was clearly shown 
in the first paper 1 that an endocellulase is present and that exocellulase is almost 
completely absent With respect to the number of Cx components present, at may be 
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mentioned that both durmg the purification and the molecular weight determination 
on Sephadex G-Ioo, the cellulase activity was present in only one protein peak The 
electrophoretlc separations also showed cellulase activity m only one component 
although it was apparently accompanied by two very similar protems, probably a 
mannanase and a xylanase Therefore, we may conclude that P schwe,mtz** under the 
given culture conditions produces only one Cx type endocellulase of molecular weight 
45 ooo ± 4500 

The molecular weights of a number of cellulases from other sources are hsted ni 
Table I I I  It  can be seen that the P schwe,mt2** cellulase compares with many of the 
other endocellulases investigated which have been reported as havmg molecular 
weights of 40 ooo 6o ooo The only data on the size of such molecules are those of 
WHITAKER et al a5 who suggested a cigar-shaped molecule with dimensions of about 
33 A × 200 A This represents a molecule much too large to diffuse freely through 
wood cell walls which, even when saturated with water, have practically a zero poro- 
sity a6 The mechanisln by which fungi degrade cellulose embedded in wood cell walls 
remains unclear, particularly in those cases in which only the polysaccharlde compo- 
nents are degraded The mare question concerns the accessibility of the cellulose to the 
relatively large enzyme molecules This suggests that either much smaller cellulase 
components are also involved or that some modification of the cell wall occurs before 
the cellulose lb attacked, cf the "pre-cellulolytic" stage 37 However, these are sublects 
reqmrmg further mvestlgatlon 
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