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Viscosity Changes in a Polymerized Substrate due 
Enzyme 

Viscos i ty  changes  of a po lymer i zed  s n b s t r a t e  due  to  
the  ac t ion  of depo lym er i z i ng  enzym es  h a v e  been  used  to  
q u a n t i t a t i v e l y  a s say  enzymes1-% These  a u t h o r s  used  
w a t e r  soluble  c a r b o x y m e t h y l  cellulose p o l y m e r  a n d  t he  
e n z y m e  Cx-cellulase.  T he  b o n d  a t t a cked ,  t h e  c o m p o n e n t  
sugars  in t h e i r  subs t r a t e ,  a n d  t h e  degree of p o l y m e r i z a t i o n  
were known.  

SHERW'OOD a n d  KELMAN 10 i n v e s t i g a t e d  t h e  poss ib i l i t y  
of u t i l i z ing  a r o t a t i n g  sp ind le  v i s cosme te r  to  m easu re  
e n z y m e  a c t i v i t y  b y  fol lowing t he  decrease  in v i scos i ty  of 
so lu t ions  of t h e  v iscous  subs t r a t e .  T h e y  found  t h i s  
m e t h o d  of a s say  to  be  super io r  to  t r a d i t i o n a l  m e t h o d s  and  
i t  c an  be  a d a p t e d  to  a s t u d y  of enzym es  deg rad ing  
capsu la r  m a t e r i a l  of m i c r o o r g a n i s m s  where  t he  c h e m i s t r y  
of t h e  s u b s t r a t e  is o f t en  k n o w n  only  superf ic ia l ly  a n d  
n o t h i n g  is k n o w n  of t h e  n a t u r e  of t h e  b o n d  to  be  c leaved.  
Such  s tud ies  p e r m i t  t he  use of n a t u r a l  m a t e r i a l  as t he  
subs t r a t e .  

Th i s  p a p e r  descr ibes  a m e t h o d  w h i c h  ha s  b e e n  v e r y  
useful  for r e l a t i ve  e n z y m e  a c t i v i t y  m e a s u r e m e n t s  w h i c h  
h a v e  p e r m i t t e d  us to  pu r i fy  a n d  cha rac t e r i ze  mic rob ia l  
enzymes .  T h e  m e t h o d  requi res  on ly  t h a t  t h e  s u b s t r a t e  be  
a so lnble  and  viscous  p o l y m e r  a n d  t he  e n z y m e  ac t ion  
cause  a decrease  in i ts  v iscosi ty .  

Mater ials  and methods. To t e s t  t he  t heo re t i ca l  consider-  
a t i ons  of m e a s u r i n g  e n z y m e  a c t i v i t y  b y  changes  in 
f lu idi ty ,  our  s u b s t r a t e  was  t h e  capsu la r  po ly saccha r ide  
i so la ted  f rom the  b a c t e r i u m  Azotobacter v inelandi i  s t r a i n  
O ATCC 12518 (AVO) us ing  a m o d i f i c a t i o n  of t he  qua t e r -  
n a r y  a m m o n i u m  ( h e x a d e c y l t r i m e t h y l  a m m o n i u m  bro-  
mide)  m e t h o d  of DAVID and  CLAPP n.  The  v i scos i ty  of 
t h i s  m a t e r i a l  was  a b o u t  100 cent ipoise  (CPS) w h e n  
dissolved a t  10 rag/m1 in 0.05 M sod ium p h o s p h a t e  buffer ,  
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p H  7.5. The  e n z y m e  was h y d r o l y t i c  capsu la r  depo lyme-  
rase  i nduced  w h e n  t h e  bac t e r i a l  s t r a i n  AVO was in fec ted  
b y  b a c t e r i o p h a g e  A-23. The  e n z y m e  was  c o n c e n t r a t e d  
us ing  t he  m e t h o d  of BARKER, EKLUND and  WYSS~2 and  
pur i f i ed  b y  S e p h a d e x  G-75 c o l u m n  c h r o m a t o g r a p h y .  

The  v i scos i ty  of t h e  s u b s t r a t e - e n z y m e  m i x t u r e  was 
measu red  a t  va r ious  t imes  us ing  a Wel l s -Brookf ie ld  
mic rov i scome te r  (Brookfie ld  E n g i n e e r i n g  Labora to r i e s ,  
S t o u g h t o n ,  Mass,). 1 ml  of t he  s u b s t r a t e  so lu t ion  was  
equ i l i b r a t ed  a t  33~ and  0.1 ml  of t he  e n z y m e  so lu t ion  
was t h e n  added.  A t  30 sec a f t e r  e n z y m e  a d d i t i o n  t he  
shear  r a t e  was  recorded  and  c o m p a r e d  w i t h  those  o b t a i n e d  
w i t h  a n  Os twald  v iscos imeter .  

Results.  Figure  1 i l lu s t r a t e s  3 g raph ica l  p r e s e n t a t i o n s  
of t he  d a t a  o b t a i n e d  w i t h  t h e  Wel l s -Brook i i e ld  micro-  
v i s c o m e t e r  f rom the  ac t ion  of A-23 depo lymer i z ing  
e n z y m e  on AVO capsu la r  ma te r i a l .  I t  is e v i d e n t  t h a t  t h e  
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Fig. i. Viscosity and relative fluidity versus time during digestion of 
capsular poiysaccharide by A-23 enzyme nsing a rotating spindle 
microviscometer. 
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~'ig. 2. Reciprocal of the flow time through an Ostwald viscosimeter 
during digestion of AVO capsular polysaccharide by A-23 enzyme. 
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r e l a t ive  f lu id i ty  (%/~h) of the  s u b s t r a t e  var ies  d i rec t ly  
w i th  t he  t i m e  of exposure  to  t he  e n z y m e  a n d  i t  is t he  
on ly  p r e s e n t a t i o n  of t h e  d a t a  t h a t  yie lds  a s t r a i g h t  l ine.  
The  slope of th i s  l ine  is a measu re  of e n z y m e  ac t iv i ty .  

\ V h e n  a n  Os twald  v i s c o m e t e r  is used,  t h e  f low t i m e  
is r e l a t ed  d i rec t ly  to  t he  viscosi ty .  Therefore ,  the  f lu id i ty  
should  be  p r o p o r t i o n a l  to  1/flow t i m e  and  th i s  p a r a m e t e r  
shou ld  be  a s t r a i g h t  l ine  func t i on  w i t h  t ime.  F igure  2 
gives a g raph ic  i l l u s t r a t i on  of t h i s  for a so lu t ion  of AVO 
capsu la r  s u b s t r a t e  to  wh ich  was added  A-23 depo lymer iz -  
ing enzyme.  T h e  f low t i m e  was m e a s u r e d  a t  va r ious  
t imes  a f t e r  a d d i t i o n  of t he  e n z y m e  a n d  conf i rms  t he  d a t a  
o b t a i n e d  w i t h  t he  more  precise microviscome• 
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Fig. 3. Relative fluidity versus time during digestion of the AVO cap- 
sular poIysaccharide by A-23 enzyme. The shear rate was doubled be- 
tween 5 and 6 min. 
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Fig. 4. Rate of relative fluidity changes per mffl versus relative sub- 
strafe concentration. 

D a t a  o b t a i n e d  us ing  b o t h  m e t h o d s  showed  t h a t  d i l u t ion  
of t he  e n z y m e  resu l ted  in  a p r o p o r t i o n a l  decrease  in t h e  
r a t e  of c h a n g e  in r e l a t i ve  f lu id i ty  a n d  t h e  m e t h o d s  do 
indeed  measu re  e n z y m e  ac t iv i ty .  

I n  e n z y m e  assay  b y  t h i s  m ic rov i s come te r  m e t h o d  one  
m a y  a n t i c i p a t e  possible  er rors  because  t h e  so lu t ions  of 
s u b s t r a t e  are n o n - n e w t o n i a n  in na tu re ,  i.e. v i scos i ty  
decreases  w i t h  inc reas ing  shea r  ra tes .  However ,  as s h o w n  
b y  t h e  e x p e r i m e n t  r epo r t ed  in F igure  3 where  t he  f i rs t  
5 m i n  of t he  e n z y m e  d iges t ion  was m o n i t o r e d  a t  5 r p m  
(shear  r a t e  of 23 sec -1) a n d  t h e  las t  10 m i n  a t  12 r p m  
(shear  r a t e  of 46 sec -1) on ly  a m i n o r  def lec t ion  of the  
a c t i v i t y  cu rves  resul ted .  Since i t  is necessa ry  to  increase  
t h e  speed of t h e  i n s t r u m e n t  to  a c c u r a t e l y  measu re  
a c t i v i t y  in  less viscous  solut ions ,  th i s  m i n o r  v a r i a t i o n  
does no t  af fec t  s ign i f i can t ly  t he  q u a n t i f i c a t i o n  of t h e  
e n z y m e  assay.  

In  c o n v e n t i o n a l  t ypes  of e n z y m e  assay,  as t h e  s u b s t r a t e  
c o n c e n t r a t i o n  is dec reased  a sma l l  a m o u n t ,  t h e r e  is 
essent ia l ly  no  effect  on e n z y m e  a c t i v i t y  (zero order  
reac t ion)  since i t  is t h e  e n z y m e  and  n o t  t he  s u b s t r a t e  
which  l imi t s  t he  r a t e  of t he  r e a c t i o n ;  b u t  w h e n  t he  
s u b s t r a t e  c o n c e n t r a t i o n  beg ins  to  af fec t  t he  r a t e  of e n z y m e  
a c t i v i t y  (first  order  reac t ion) ,  a decrease  in a c t i v i t y  
occurs. W h e n  changes  in f l u id i ty  are  m o n i t o r e d  for 
dec reas ing  s u b s t r a t e  c o n c e n t r a t i o n s  t i le  a c t i v i t y  t e n d s  to 
increase.  

Th i s  a n o m a l y  (Figure  4) is t h o u g h t  to  s t e m  f rom two  
factors.  F i r s t  is t he  decrease  in v i scos i ty  caused  b y  h igh  
shear  r a t e s  (30 to 60 rpm) .  The  h i g h  shea r  r a t e s  are 
r equ i red  to  o b t a i n  a s ign i f i can t  r e ad ing  on  t he  scale of t he  
mic rov i scosme te r  a t  t h e  low viscos i t ies  w h e n  d i lu te  
so lu t ions  s u b s t r a t e  are  used.  ( I t  shou ld  be  n o t e d  t h a t  t h e  
v iscos i ty  of t he  s u b s t r a t e  is a p p r o x i m a t e l y  a n  exponen t i a l  
f unc t i on  of concen t ra t ion . )  The  second source  is, t h a t  in  
t he  more  d i lu te  so lu t ions  t he  b r e a k a g e  of a s ingle b o n d  
b y  t h e  e n z y m e  h a s  a g rea t e r  effect  on t h e  r e m a i n i n g  
f lu id i ty  t h a n  in t he  more  c o n c e n t r a t e d  suspens ions .  Thus ,  
a l t h o u g h  fewer  b o n d s  are  p r o b a b l y  c leaved  in  t he  more  
d i lu te  subs t r a t e ,  t hese  a l t e r  t he  f lu id i ty  to  a g rea te r  
e x t e n t  since each  b o n d  becomes  p r o p o r t i o n a l l y  more  
respons ib le  for t h e  v i scos i ty  as t h e  s u b s t r a t e  is d i lu ted .  

The  e n z y m e  q u a n t i f i c a t i o n  us ing  th i s  r e l a t ive  f lu id i ty  
m e t h o d  is a ccu ra t e  w h e n  enzymes  are  c o m p a r e d  ac t ing  
on  a single b a t c h  of s u b s t r a t e  a n d  w i t h  r e l a t ive ly  h i g h  
c o n c e n t r a t i o n s  of subs t r a t e ,  t he re fo re  g iv ing  v e r y  viscous  
solut ions ,  and  a t  c o n s t a n t  low shea r  r a t e s  (46 sec -~ or 
less). The  m e t h o d  does h a v e  t h e  l i m i t a t i o n  of no t  g iv ing  
a c o n v e n i e n t  ' u n i t '  of e n z y m e  ac t iv i ty ,  b u t  i t  is e x t r e m e l y  
sens i t ive  s ince single e n z y m a t i c  b r e a k s  ill large molecules  
h a v e  m a r k e d  effects  on viscosi ty .  

Zusamme~c[assung. Nachwe i s  e iner  E n z y m b i l d u n g  n a c h  
A z o t o b a c t e r - I n f e k t i o n  d u t c h  P h a g e n  m i t  Spezif i t i i t  fiir 
Kapse l -Depo tymer i s i e rung .  Das  V e r f a h r e n  e r fass t  die 
E n z y m a k t i v i t X t  d u r c h  Reg i s t r i e rung  de r  g radue l len  Ver-  
/ inderung  der  Viskos i tg t  des sich v o r b e r e i t e n d e n  Kapse l -  
stoffes. 
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