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MEASUREYENT OF CELLULOLYTIC 

ACTIVITY BY LOW PRESSURE 
LIQUID CHROMATOGRAPHY 

Michael  R. Ladisch,  

A1 1 en W .  Anderson, 
and 

George T. Tsao 

Labora to ry  o f  Renewable Resources Eng ineer ing  
Purdue U n i v e r s i t y  

West L a f a y e t t e ,  I n d i a n a  47907 

A b s t r a c t  

The a p p l i c a t i o n  o f  aqueous, l ow  p ressu re  l i q u i d  chromatography t o  

t h e  assay of  c e l l u l o l y t i c  enzyme a c t i v i t y  i s  d iscussed.  

o f  t h i s  method a r e  speed o f  a n a l y s i s  ( l e s s  t h a n  20 min.), smal l  sample 

s i z e  (20 uR), good r e s o l u t i o n ,  and a t o l e r a n c e  o f  t h e  system t o  t h e  p re -  

sence o f  ext raneous s a l t s  and p r o t e i n s .  

t o o l  a r e  g i ven .  

The advantages 

Examples showing t h e  use o f  t h i s  

INTRODUCTION 

Basic  research  on t h e  enzyme c a t a l y z e d  h y d r o l y s i s  o f  c e l l u l o s e  has 

r e s u l t e d  i n  t h e  development of  techniques f o r  measuring c e l l u l o l y t i c  a c t i -  

v i t y .  Methods r e p r e s e n t a t i v e  o f  these techn iques  a r e  summarized i n  Tab le  
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746 LADISCH, ANDERSON, AND TSAO 

1 .  

l iqu id  chromatography ( L C )  appears to be the  most v e r s a t i l e  approach, 

since iden t i f i ca t ion ,  as  well as  quant i f ica t ion ,  of the individual products 

of hydrolysis a r e  possible with t h i s  method. 

modern, commercially ava i lab le  LC hdrdware makes i t  possible t o  car ry  out  

analyses quickly and eas i ly .  

While each technique which i s  l i s t e d  i n  the t ab le  has i t s  advantages, 

Furthermore, the advent of 

There a re  two approaches which a re  ava i l ab le  f o r  LC of carbohydrates: 

(1 )  reverse-phase or p a r t i t i o n  chromatography, 

and 

( 2 )  aqueous chromatography. 

Reverse-phase s i l i c a  packings capable of withstanding high pressure 

a re  used with an organic/aqueous e luent  such a s  ace toni t r i le -water  (10 ) .  

S imi la r ly ,  ion-exchange r e s ins  with ethanol-water a s  e luent  give exce l len t  

r e s u l t s  as  demonstrated by Samuelsoii e t  a l .  (11 , 1 2 ) .  However, p a r t i t i o n  

Table 1 .  

Representative Methods f o r  Detection of Ce l lu lo ly t i c  Act iv i ty  

Method Description Reference 

F i l t e r  Paper 

Fungal Growth on 

Incubation 

Cellulose-Azure 

w/cellodextrins 

Incubation 
w/cellodextrins 

Reverse Phase, 
Liquid Chromatography 

High  Pressure, 

Low Pressure 
Aqueous Liquid 
Chromatography 

I ncu ba t i on of ce l l  ul o l  y t  i c 
enzymes w i t h  f i l t e r  paper followed 
by reducing sugar assay. 

Ce l lu lo ly t i c  fungi re lease  blue 2 
co lor  from Cellulose-Azure 

Enzyme incubated w i t h  c e l lo -  3 
dext r ins .  Products measured 
by separation on chromatography 
column arid colorometric assay 
f o r  sugars 

1 

Total susars  formed measured 
by colorcmetric methods. 

Cel lodext rin hydrolysates 
separated using reverse  phase 
LC with r e f r ac t ive  index 
de tec tor .  

Cellulose and ce l lodex t r in  
hydrolysates separated using 
aqueous phase L C  with r e f r ac t ive  
index de tec tor .  
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LPLC MEASUREMENT OF CELLULOLYTIC ACTIVITY 

chromatography has l imi t a t ions .  

through celloheptaose) have low s o l u b i l i t y  i n  solvents which a r e  only 

p a r t i a l l y  aqueous (13).  Furthermore, carbohydrate samples containing 

s a l t s  or pro te ins  have to  be cleaned up s ince  the  s a l t  and pro te ins  tend 

t o  p rec ip i t a t e  i n  a semi-aqueous solvent.  

747 

?he high ce l lodext r ins  ( ce l lo t e t r aose  

The samples analyzed i n  our laboratory contained s i g n i f i c a n t  quan t i t i e s  

of high-molecular-weight oligomers as  well as (bu f fe r )  s a l t s  and (enzyme) 

protein.  

the  carbohydrate concentration i n  t he  sample. I n i t i a l l y  both p a r t i t i o n  

chromatography (using commerical l y  ava i l ab le  columns w i t h  a c e t o n i t r i l e -  

water as  e luen t )  and chromatography with cation-exchange r e s in  ( w i t h  water 

a s  the so l e  e luen t )  were t r i ed .  

fe rab le  f o r  our work. 

The s a l t s  and protein were d i f f i c u l t  t o  remove without a f f ec t ing  

The l a t t e r  approach was found t o  be pre- 

MATERIALS AND METHODS 

Packing 

The packing material used t o  make the LC columns discussed i n  t h i s  

repor t  is Aminex 50W-X4 (Bio-rad Laboratories,  Richmond, Cal i forn ia ,  USA), 

a 4% cross-linked styrene divinyl-benzene ca t ion  exchanger i n  the  Ca 

form. 

meter) and then sized and converted as  described in a previous repor t  

tt 

This material  was purchased i n  the H+ form (20 t o  30 pm i n  d i a -  

(14 ) .  

The i o n  exchange res in  was packed i n  a 6 mm i . d .  X 60 cm column using 

a Haskel pneumatic amplifier pump. 

given elsewhere (9 ,14) .  

Deta i l s  o f  the packing procedure a r e  

Column Operation 

After packing, the  column i s  connected t o  the  l iqu id  chromatograph 

The chromatograph was a Waters Assoc. ALC/ and heated fo r  2 h a t  85°C. 

G P C  201 s e r i e s  instrument with a U6K i n j e c t o r ,  an M6000A pump cont ro l led  

by a Model 660 flow con t ro l l e r ,  and a d i f f e r e n t i a l  refractometer de t ec to r  
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748 LADISCH, ANDERSON, AND TSAO 

connected t o  a Spectra-Physics Autolab I programmable in t eg ra to r  and an 

Omniscribe s t r ip  cha r t  recorder.  

with a Model FE Haake c i r cu la t ing  w3ter-bath. 

The de tec tor  was thermostated t o  30' 

The flow of degassed, d i s t i l l e d  water through the  column i s  i n i t i a t e d  

over a 20 min period, using Program No. 4 on the Model 660 flow con t ro l l e r .  

The water i s  kept degassed by maintaining i t  a t  85 t o  90' with continuous 

s t i r r i n g  in a 1-1 solvent reservoi r  f l a sk .  

solvent reservoi r  f i l t e r  (20 t o  30 kim) and then a 1-m co i l  of 3.2-mm I.D. 

PTFE tubing before reaching the pump. The tubing, which i s  suwended in 

a i r  a t  room temperature, cools the water t o  room temperature. 

water 

Per day. 

water a s  the eluent.  

The water passes through a 

Once s t a r t e d ,  

i s  kept running through the column a t  a constant f low-rate 24 hours 

All analyses were ca r r i ed  o u t  a t  a cons tan t  f low-rate using 

A t  a flow on the  order of 0.5 nil/min (1 .8  cm/min), the  pressure drop 

fo r  t h i s  type of column i s  100 t o  250 p . s . i . g .  and the p la t e  h e i g h t  i s  

0.11 mm. Separation q u a l i t i e s  typ ica l  f o r  this type of column f o r  ce l lo -  

dext r ins  i s  shown in  Figure 1 .  

in jec t ion  time i s  reasonable (13.5 n i i n ) .  

The reso lu t ion  i s  good and (sample t o  sample) 

Other a t t r a c t i v e  fea tures  of t h i s  type of column include a to le rance  

toward s a l t s  and pro te ins  dissolved in the  sample and a sa t i s f ac to ry  

operational s t a b i l i t y .  Somecolumns in  our labora tory  have withstood over 

2600 hours of continuous use .  One o ther  advantape of t h i s  approach t o  

LC i s  the  low operational pressure of the system. 

since high pressure-pumps, plumbing, and in jec t ion  hardware, although 

s u f f i c i e n t ,  may be replaced by low pressure components, i f  des i red .  

This s impl i f i e s  matters 

APPLICATION TO ANALYSIS OF CELLULOLYTIC ACTIVITY 

The use of l i qu id  chromatography is  appropr ia te  f o r  the  ana lys i s  of 

ce l lu lose  so lubi l iz ing  enzyme a c t i v i t y  i n  fermentation broth,  t he  measure- 

ment of a c t i v i t y  of the  ce l lu l a se  coinplex, and the  study of the  k ine t i c s  
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LPLC MEASUREMENT OF CELLULOLYTIC ACTIVITY 

k 1 3 . 5  MIN--rc( 

GI 

G4 
OSE 

i. 

749 

1 1 I I 
0 10 2 0  

TIME, MINUTES 

Fig. 1. Separation of cellodextrins on Arninex 5ObX4 using water as sole 
eluant. Flow = 0.5 ml/min (1.8 cm/min), 

and mode o f  action o f  pure component enzymes. 

in the PIATERIALS AND METHODS section can tolerate moderate concentrations 

of salts and protein, sample clean-up in most cases is not required. The 

utility o f  LC will be apparent in the examples given below. 

Since the columns described 

Activity o f  Fermentation Broth 

The production o f  a cellulytic enzyme by a micro-organism such as 

Trichoderma reesei may be readily monitored using a combination o f  the 

filter paper assay (1) and liquid chromatography. 

enzyme as a function o f  time i s  important to the determination o f  optimum 

fermentation conditions. 

The measurement o f  
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750 LADISCH, ANDERSON, AND TSAO 

A typical procedure f o r  mea,;uring enzyme a c t i v i t y  in a fermentation 

broth i s  as follows. The broth i s  sampled and suspended s o l i d s  a r e  cen- 

t r i fuged  down. 

paper as  described in reference ( 1 ) .  

natant i s  in jec ted  in to  the LC ra ther  than being subjected t o  a reducing 

sugar assay. Chromatograms of appropriately d i lu ted  enzyme broth ( i . e . ,  

the  blank) and the  f i l t e r  paper hydrolysate a r e  compared i n  Figure 2 .  

The s a l t s  and p r r t e in  e l u t e  f i r s t  w i t h  sugars (ce l lob iose  and glucose) 

following. 

suspended so l id s .  

The supernatant i s  then combined with buffer and f i l t e r  

After incubation, however, t he  super- 

No sample preparation was required o ther  than spinning down 

I t  should be noted t h a t  this method shows only the so luble  sugars 

formed. 

a c t i v i t y  a re  not accounted f o r .  

by LC ana lys i s  of soluble sugars will be l e s s  than t h a t  given by a reducing 

sugar assay which includes the  non-soluble ce l lu lose  portion a s  well a s  

soluble sugars.  The a c t i v i t y  of the  enzyme giving the  chromatograms i n  

Figure 2 was about 1 IU/ml (1 IU = 1 urnole sugars formed a s  glucose/min). 

The reducing ends o n  the  ce l lu lose  which might be formed by enzyme 

Thus, the  apparent enzyme a c t i v i t y  given 

Act iv i ty  of Cel lu lo ly t ic  Complexes 

Knowledge of the product d i s t r i b u t i o n  as well a s  the quant i ty  of 

sugars formed by various c e l l u l o l y t i c  complexes i s  useful s ince  n o t  a l l  

sources of cel l u l a ses  have the same r a t i o  of glucanohydrolase/cellobiohydrolase/ 

ce l lob iase  a c t i v i t y .  

from two s t r a i n s  of r. reese i :  

reported by researchers a t  Rutgers University (15) .  

An i n t e re s t ing  comparison i s  given by ce l lu l a ses  

QM9414 and NG14. NG14 i s  a mutant recent ly  

The procedure followed f o r  the two enzyme preparations was t o  combine 

100 uk of enzyme (containing 100 mg enzyme/ml) with 1 .4  ml of buffer (pH 

4.8, Sodium ace ta t e )  and incubating w i t h  e i t h e r :  

( a )  

(b )  a f i l t e r  d i sc  weighins c 50 mg (15 ) ,  

50 mg f i l t e r  paper ( l ) ,  
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LPLC MEASUREMENT OF CELLULOLYTIC ACTIVITY 

( a )  Broth 

Protoin and Salts 

(b) Supernotent 
from Assay 

751  

Fig. 2 .  Chromatogram of ( a )  fermentation b r o t h ,  and ( b )  hydrolysate from 
ac t ion  of broth on f i l t e r  paper. 

o r  

( c )  50 mg of microcrys ta l l ine  ce l lu lose  (Avicel@). 

After 1 hour incubation a t  50°C in  the  case of ( a )  or ( b ) ,  or 2 hours in 

the case o f  ( c ) ,  t he  mixture was spun  down and in jec ted  in to  the  L C .  

The chromatograms f o r  QV 9414 and NG 14 a r e  given in Figure 3 a n d  

Figure 4,  respec t ive ly .  

in Table 2 .  

Qt4 9414 f o r  f i l t e r  paper a n d  Avicel 

t h a t ,  f o r  both enzymes, the a c t i v i t y  on f i l t e r  d i sc s  i s  lower than f o r  

f i l t e r  paper o r  Avicel @ . 
measured f o r  a pa r t i cu la r  enzyme preparation, appears t o  be a function 

of subs t r a t e .  

Data obtained from these chromatograms i s  summarized 

The data show t h a t  t he  NG 14 preparation i s  more ac t ive  t h a n  

b u t  n o t  f o r  f i l t e r  d i s c s .  I t  appears 

In o ther  words, t he  so lubi l iz ing  a c t i v i t y  

Another i n t e re s t ing  fea ture  shown by these chromatogranis i s  the absence 

of any s ign i f i can t  amounts of higher oligosaccharides.  The da ta  a l so  show 
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752 LADISCH, ANDERSON, AND TSAO 

F i g .  3.  Chromatograms of QM 9414 hydrolysates of ( a )  f i l t e r  paper, ( b )  
f i l t e r  d i sc s ,  and ( c )  Avicel R . 
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LPLC MEASUREMENT OF CELLULOLYTIC ACTIVITY 

F ig .  4. 

t h a t  NG 

QM 9414 

( a )  G2 

SALTS 81 I 
PROTEIN 

Chromatograms o f  NG 14 hydro1 sates o f  ( a )  f i l t e r  paper, 
f i l t e r  d i s c s ,  and ( c )  A v i c e l  ii . ( b )  

753 

4 does n o t  have as h i g h  a c e l l o b i o s e  h y d r o l y z i n g  a c t i v i t y  as 

see G2/G1 r a t i o s  i n  Table 2 ) .  

T h i s  example g i v e s  an i n d i c a t i o n  of  t h e  use fu lness  i n  d e t e c t i n g  c e l l u -  

l o l y t i c  a c t i v i t y  by LC. 

between enzyme p r e p a r a t i o n s  a r e  e a s i l y  d i sce rned  w i t h  t h i s  t o o l .  

Both q u a n t i t a t i v e  and q u a l i t a t i v e  d i f f e r e n c e s  
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754 LADISCH, ANDERSON, AND TSAO 

Table 2 .  

Comparison of Act iv i ty  of QM 9414 vs. N G  14 

QM 9414 NG 14 

F i l t e r  Paper 

Conversion (%)  + 

Act iv i ty  (IU/mg)" 

Ratio G2/G1* 

F i l t e r  Disc 
t Conversion ( % )  

Activity (IU/rng)+' 

Ratio G 2 / G 1  

R 

* 

Avicel 
+ Conversion (%)  

Activity ( IU/mg)+ '  

Ratio G 2 / G 1  
* 

10 I 

55 x 
0.74 

6.4 

33 x 
0.57 

11. 

29 x 
0.53 

15. 

85 x 
1 .2  

4.5 

24 x 
0.82 

13. 

35 x 
0.67 

t Based on ce l lu lose ;  corrected f o r  weight increase due t o  water addi t ion  
upon hydrolysis.  

tt 1 IU = pmoles soluble suqars formed as  glucose/min. 
enzyme powder. 

Mg r e f e r s  t o  m g  

* 
Mole G2/Mole G1 where G 2  = ce l lob iose  and G1 = qlucose. 

Study of Kinetics and Mode of Action 

The study o f  kine t ics  and mode o f  ac t ion  of ce l lu l a ses  requi res :  

(1 ) 

( 2 )  pure suhs t r a t e ,  

pure, homogeneous enzyme components, 

and  
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LPLC MEASIJRENENT OF CELLULOLYTIC ACTIVITY 755 

(3 )  ana ly t ica l  techniques f o r  de tec t ing  and quantifying the  products 

of hydrolysis.  

The f i r s t  condition i s  a d i f f i c u l t  one, and i t  i s  the  subjec t  of much 

The second condition i s  easy t o  s a t i s f y ,  research in the ce l lu l a se  f i e l d .  

i f  insoluble ce l lu lose  subs t ra te  is used. If  so luble  ce l lodext r ins  a r e  

required,  t h i s  condition i s  more cumbersome. 

where gram quan t i t i e s  of ce l lodext r ins  in water may be prepared (16 ) .  

way of s a t i s fy ing  the th i rd  condition i s  low pressure l iqu id  chromatography 

u s i n g  water a s  e luent .  

However, a method i s  ava i lab le  

One 

The method discussed in this paper has another advantage not mentioned 

previously. 

Normally ca l ib ra t ion  would be car r ied  out by d isso lv inq  a ca re fu l ly  weighed 

amount of dry ce l lodext r ln  in a known amount of water and in j ec t ing  in to  

the LC. 

an a l t e r n a t e  approach. 

This i s  one of ca l ib ra t ion  w i t h  respect t o  ce l lodext r ins .  

However, ce l lodext r ins ,  prepared in water may be determined by 

A n  a r b i t r a r y  amount of ce l lodex t r in ,  f o r  example G 3 ,  i s  dissolved 

in water. 

5 ( a ) ) .  

T h i s  mixture i s  then incubated and the  G3 i s  completely hydrolyzed t o  

glucose. 

aga ins t  a glucose standard made from anhydrous reagent grade glucose.  

The concentration of the G3 i s  then back-calculated from the G1 area on 

a molar basis ( i . e . ,  1 mole G 3  --+ 3 moles G ) and converted t o  a mass 

basis.  From t h i s  technique very accurate response f ac to r s  a re  obtained 

f o r  the ce l lodext r ins  ( see  Table 3 ) .  

area per un i t  concentration, i s  almost the  same f o r  the  four components 

shown. 

ce l lodext r ins  using glucose o r  ce l lob iose .  

glucose and ce l lob iose ,  a r e  commercially ava i l ab le ,  while the o the r  ce l lo -  

dext r ins  a r e  not. 

The area of the G3 peak i s  then determined on the L C  (Fiqure 

Next, a known quant i ty  of ce l lu l a se  enzyme and buffer i s  added. 

The glucose concentration i s  measured on the  LC and compared 

1 

The response f ac to r ,  which i s  peak 

As a f i r s t  approximation then, the  LC may be ca l ibra ted  f o r  soluble 

This i s  advantageous s ince  
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756 LADISCH, ANDERSON, AND TSAO 

Peak d u e  to  
Enzyme 

Fig. 5. Complete hydrolysis o f  G3 to glucose for calibrating the liquid 
chromatograph. 

The study of the kinetics and mode o f  action of cellulases consists 

of incubating a pure enzyme coniponent (either glucanohydrolase, cello- 

biohydrolase, or cellobiase) with a buffered solution of cellulose or 

cellodextrins and measuring the products formed. 

to have a method of analysis where (buffer) salts and (enzyme) protein 

need not be removed prior to analysis. 

aqueous low pressure liquid chromatography is an approach which meets 

these conditions. 

Again, it i s  desireable 

As the examples below will show, 
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Table 3 

Area Response Factors o f  Pure Cellodextrins Components 

Component 

G1 

G2 

G3 

G4 

t = O  

t = 155 min 

Area Units 
mg/ml 

39.3 x lo4 
39.5 x lo4 

41.5 x lo4 
39.1 X lo4 

L- 

ii 

t = 15 hr 

A I 
757 

Fig..6. Cellobiose hydrolysis by glucanohydrolase. Conditions: pH 4.8, 
4OoC, 17 mM initial cellobiose (G2); ET - 1000 pg/ml. (G3 = 
cellotriose). 
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758 LADISCH, IZNDERSON, AND TSAO 

t = O  

- 
t = 6  

t 0 51 min 

G 4  

Fig. 7. Timecourse o f  G4 (cellotetraose) hydrolysis. Conditions: pH 
4.8, 40°C, 4.15 mM initial G4; ET = 17.5 ug/ml. 

Figure 6 shows the result o f  incubation o f  pure glucan-glucanohydrolase 

(17) with cellobiose. 

A relatively high enzyme concentration (ET = lOO@g protein/ml) i s  required 

to obtain measureable reaction products. 

The products are cellotriose, celloblose, and glucose. 

The procedure used in this experiment 
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LPLC MEASUREMENT OF CELLULOLYTIC ACTIVITY 759 

i s  t o  mix  enzyme w i t h  b u f f e r  (sodium a c e t a t e ,  pH 4.8) and s u b s t r a t e  t o  g i v e  

a t o t a l  volume o f  600 pL. T h i s  smal l  volume i s  s u f f i c i e n t  s i n c e  20 ~1 sample 

i s  a l l  t h a t  i s  needed t o  do an LC a n a l y s i s .  

F i g u r e  7 shows another  r u n  made w i t h  G4 and g lucanohydro lase.  However, 

here about  50 t imes  l e s s  enzyme (ET = 17.5 p g h l )  was used. 

t o  n o t e  here t h a t  t h e  G4 i s  t o t a l l y  hyd ro l yzed  w i t h o u t  any d e t e c t a b l e  

f o r m a t i o n  o f  r e v e r s i o n  p roduc ts .  

I t  i s  i n t e r e s t i n g  

CONCLUSIONS 

Low p ressu re  aqueous l i q u i d  chromatography i s  a u s e f u l  t o o l  f o r  a n a l y s i s  

o f  c e l l u l o l y t i c  a c t i v i t y .  

d i s t r i b u t i o n  as w e l l  as t o t a l  sugars formed. Th is ,  t o g e t h e r  w i t h  a s h o r t  

a n a l y s i s  t ime,  smal l  sample s i ze ,  and a t o l e r a n c e  t o  s a l t s  and p r o t e i n s ,  

makes t h e  method s u i t a b l e  f o r  a n a l y s i s  o f  f e r m e n t a t i o n  b r o t h s  and c rude  

enzyme as w e l l  as pure enzymes. 

I t  has t h e  advantage o f  q u a n t i t a t i n g  p roduc t  
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