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SUMMARY 

Treatment of residual solids with Triton X-IOO, borate-

glycerol buffer, guanidine hydrochloride and pH gradient did not 

v release any significant amount of adsorbed enzyme(s). Urea was 

found to be an effective desorbing agent. A single washing of 

residual solids with 6M urea'removed on the average 45 percent 

of the adsorbed enzyme. Results of recombining wash solutions and 

hydrolyzate suggests that about 70 percent of the original enzyme 

might be recovered in this manner. Among various amounts of urea 

introduced to the hydrolysis vessels, 0.9M concentration has the 

optimal effect to retain 67 percent of the original filter paper 

activity in liquid phase, compared with 17 percent, where no urea 

was added. The solution retained 87 percent of the C activity x 
(61-4 glucanase). No inhibitory effect was shown by 0.9M urea 

concentration, it rather increased the overall hydrolysis by 8 

percent. 
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INTROOUCTION 

Adsorption of low molecular weight substances in general, 

decreases with increase in temperature. In case of proteins, 

however, in most cases, adsorption is increased by rise in 

- temperature.' Wilke, et ale (1,2) observed that at 45°C when 

cellulose complex was contacted with insoluble cellulose for 

hydrolysis, 75 percent of the enzyme was adsorbed on solids. 

Moreover on extensive digestion of cellulose, the enzyme was not 

released into the solution. Further investigations'by them 

revealed that cellulolytic components were adsorbed on solids at 

different rates during hydrolysis. In the early stage of hydrol-

ysis, however, enzymatic components showing C activity were adx 

sorbed preferentially to those showing clactivity while at a later 

stage this situation was reversed. 

In a number of cases enzymes have been reported to retain 

their catalytic properties in the adsorbed state (3,4,5;6). In 

other cases negative results have been reported (7,8). The effect 

of temperature suggests that adsorption of proteins involves a 

certain degree of unfolding of proteins on the surface of adsorbents 

since this kind of reaction is endothermic. Unfolding of proteins 

at liquid-liquid and liquid-gas interface is well known (9,10). 

The adsorption of proteins on solid adsorbent need not lead to 

denaturation, since the protein is held rigidly. It would have a higher 

probability to return to its native state than if adsorbed at 

more mobil surfaces (11). The cellulase protein may also be held 

rigidly on residual solids because it is not possible to recover 

it by simple means of washing. 
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Adsorption of cellulase protein on solids has been shown to be 

temperature depend~nt (12,13,14). In addition specific adsorption 

of active cellulase components (activity units per mg protein) was 

reported to be maximum at sooe (1'3). Eriksson, et al. (15) reported 

that when Sporotrichum pulvurulentum was grown for 4 days at 30 0 e on 

paper mill waste fibers (fine fiber discard of newsprint mill) the 

bulk of cellulase excreted by the fungus was adsorbed on the residual 

fibers. They showed a relatively high recovery of carboxymethyl 

cellulase (component Cx) in active state by washing the fibers-mycelium 

mixture with O.4M borate-glycerol buffer pH 6.5. It is important to 

note that in case of Eriksson's experiment, firstly the native enzyme 

was adsorbed on fibers at 30 0 e and secondly the recovered enzyme was 

assayed only for C activity (CM-cellulase). Results of our investigax 

tion in this laboratory and a few reports from other workers (16,17) 

have shown that cellulase protein adsorbed on cellulose at lower 

temperatures can be recovered by simple means of elution. 

So far it h,as not been possible to recover the enzymes adsorbed 

on residual solids during the process of hydrolysis where the enzyme-

substrate interaction is at 45°C. Therefore, the state of adsorbed 

enzyme is unknown. The first step in our investigations will be to 

unravel the state of adsorbed enzyme. 

It is significantly important to recover enzymes from residual 

solids for recycling purpose to make the transformation of cellulosic 

wastes to utilizable products, a less expensive process. Adsorption 

of cellulase complex on residual solids is presently poorly understood 

and may involve both physical and chemical binding. Our study has 

been aimed at disrupting or breaking either type of binding in order 

to displace adsorbed enzyme or to reduce the 
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strength of adsorption by employment of various agents for washing 

or pretreatment. 

MATERIALS AND METHODS 

Materials 

The sources of materials were as follows: Urea (crystals) A.R. 

of Mallinckrodt Chemical Works: carboxymethyl cellulose (sodium salt) 

type 7L, of Hercules, Inc.; D(+) cellobiose of Sigma Chemical Company; 

.' \i 

Triton X-IOO octyl-phenoxy-polyethoxY ethanol (Registered Trademark of 

Rohn and Haas Company), supplied by Fisher Scientific Company; 

Guanidine hydrochloride, supplied by Matheson Coleman and Bell. Tris 

(hydroxymethyl) amino methane, "Sigma 7-9" biochemical buffer, 

supplied by Sigma Chemical Company. 

Cultures and Preparation of Enzymes 

Cell free culture filtrates were obtained from the fungus 

Trichoderma viride mutant strain QM 9414, grown in continuous 

submerged cultures with cell recycles on Mandel's medium and solka 

floc (SW40, Brown Co.) as the carbon source (1, 18) .. 

Analytical Procedures 

S-glucosidase or cellobiase activity was measured withcel-

lobiose as substrate using the method described by Yamanaka and 

Wilke (19). Instead of boiling for 2 minutes the reaction was 

terminated by addition of Tris buffer (20). Filter paper activity 

(FPA), Cx activity (CM-cellulase) and Cl activity (Cellobiohydrolase) 

were measured using the procedures described by Mandels and Weber 

(21). Citrate buffer was replaced with 0.05M acetate buffer pH 

4.9. Quanti tati've estimation of protein was made by following a 

modification of Lowry, et ale (22) method reported by Southerland 

et ale (23). Crystalline bovine plasma albumin was used as standard 

reference protein 
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Enzyme(s) Recovery Procedure 

'Hydrolysis of newsprint and solka floc were conducted by 

following the standard procedure described by Wilke, et ale (1). 

Hydrolyzate was then separated from residual solids through a 

sintered glass funnel. Proteins were precipitated from hydrolyzate 

solution with acetone (1:3 v/v) and centrifuged for 10 minutes at 

5,000 rpm. The pellet was redissolved in 0.05M:acetate buffer 

pH 4.9 and enzymatic activities were determined wherever necessary. 

Further recovery of hydrolyzate from residual solids was done 

using house vacuum for 15 minutes, in order to recover any non

adsorbed. enzyme. The dried cake of residual solid was then crushed by 

hand to a fine powder. The powder was eluted with solutions of 

various reagents to displace adsorbed enzymes. The elutes were 

dialyzed and/or washed on ultra filtration membrane to remove the 

eulting reagents and were examined for enzymatic recovery. 

Dialysis and Ultra-filtration 

Dialysis was performed in dialyzing tubing (Van Waters and 

Rogers, Inc.) against distilled water at 4°C for 15 hours with three 

changes of water. Ultra-filtration was carried out on Amicon 

membrance UM2 at 25 psi in an Amican 200 ml cell at 4°C. 

RESULTS 

Experiments were carried out with the surfactant Triton X-IOO in 

order to release adsorbed cellulase from the surface of cellulose fiber. 

Residual solids obtained from 40 hours enzymatic hydrolysis of news

print were suspended in aqueous solution of Triton X-IOO (1-5 v/v% in 

a series of experiments) keeping 5 percent solid-liquid suspensions 

and stirring overnight at 4°C. The filtrates were dialyzed and tested 
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~or C and filter paper activities. The original enzyme fraction was 
x 

subjected to. the same treatment for control purposes. Only 16 percent 

Cx and 9- percent FPA of the respective original enzyme activities 

were recovered with up to 5% Triton X-IOO treatment. Most of the 

yellow pigment was released into the solution. 

Because of the amphoteric' nature of proteins, a change in pH has 

a marked effect on their adsorption characteristics (24)., Ghose , 
\ 

has reported that during bagasse hydrolysis the cellulase adsorption 

was pH dependent. It was shown that specific adsorption of active 

cellulase components (activity units per mg protein) was found to 

be maximum at PH 4.8. In most cases a large shift in pH is necessary 

to bring about elution of adsorbed proteins (25) (194). A very 

pre'liminaryapproach was to elute the adsorbed enzyme from cellulose 

by washing with solutions of different pH. Residual solids were 

prepared as explained in the materials and methods section. The 

solid cake was rubbed by hand to a fine and uniform powder. Equal 

franctions of the residual powder were suspended in weak acid and 

alkali solutions ranging from pH 2 to 12 (keeping 5 percent w/v 

suspension). The mixtures were stireed with the aid of magnetic 

stirrer for 24 hours at 4°C. The filtrates were dialized and 

adjusted to pH 5.0. Cx and filter paper activities of the dialized 

samples were determined and are summarized in Fig. 1. The overall 

recovery was not very significant. Maximum C activity desorbed x 

at pH 7.0 and 9.0 was 18 percent of the original enzyme while 

filter paper activity at pH 10.0 (maxima~was only 12 to 14 percent 

of the original enzyme activity. 

The borate glycerol buffer has previously been shown to be 

useful in breaking hydrogen bonds between proteins and carbohydrates 



8 

1.0 ,------r-------;--~-___r--,____:____r-~ 

0.8 

(f) 

Q,) 

0.6 - ex > 
+-
(J 

<t 

x 
U 

\J 0.4 c: 
0 

Cl. 
LL 

0.2 

o~----~----~----~----~----~~~~--~ 
o 2 '4 6 8 10 12 14 

pH 

X BL 789-5734 
Figure 1. Recovery of adsorbed cellulytic components by eluting residuals 

solid with weak acid and alkali solutions ranging from pH 2-12. 
/J./J. ex activity, 00 Filter paper activity. 



9 

(15). An attempt was made to desorb cellulase by soaking the 

residual solids in 0.4M borate-glycerol buffer pH 6.5 for 15 hours 

at 4°C. Filtrate was washed over UM2 ultra-filtrate membrane to 

remove borate-glycerol and the pH was adjusted to 5. The recovery 

for Cx and filter paper activities was respectively 15 and 7 percent 

of the original enzyme activities. 

These studies lead us to conclude that upon contact with cellulose 

the cellulase complex was rigidly adsorbed and its displacement 

could not be achieved by simple methods such as applied in the 

described investigations. It may require a treatment with reagents 

which, along with breaking the chemical binding, also transform the 

enzyme molecules to an extent that the physical contact on cellulosic 

matrix is released. Further studies were therefore focused to bring 

partial denaturation of the enzyme molecules to deform peptide 

chains. At the same time, denaturation has to be reversible in order 

to recover the enzyme in its active state. 

Two denaturing agents, namely guanidine hydrochloride and urea 

were applied. Guanidine-HCl caused a permanent denaturation of 

cellulase enzyme. Cellulase complex in solution was treated with 

O.lM guanidine-HCl for 24 hours at 4°C. Guanidine-HCl was removed 

from the enzyme solution by dialysis, as well as washing on ultra-

filtration membrane. The enzyme complex was completely denatured 

and did not show any activity on cotton. It exhibited only 10 

percent of the original Cactivity. Washing the residual solids x 

with O.lM guanidine-HCl did not release any protein. 

Various amounts of urea were introduced to the assay reactants 
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while determining Cx' FPA and Cl activities of cellulase complex. 

Results are shown in Fig. 2. Addition of 1M urea did not show any 

effect on enzyme activities. Cellulase complex showed 70, 90 and 

78 percent of the original Cx' FPA, and Cl activities, respectively, 

in the presence of 1.5M urea. Thereafter further addition of urea 

showed a marked adverse effeCt on cellulolytic activities and at higher 

than 2M concentration practically the whole complex was denatured 

and no enzyme activities were then detectible. Figures 3 and 4 

show the effect of pretreatment of enzyme with different concen

trations of urea at 4°C and room temperature, respectively. The 

cellulase complex was treated with different amounts of urea for 

24 hours. Urea was then removed by dialysis and the enzymatic 

activities were determined. Pretreatment. of cellulase complex with 

urea up to 6M at 4°C did not cause any significant permanent change 

to enzyme(s) molecules and the loss in enzymatic activities was 

approximately 7 percent (Fig. 3). Pretreatment with urea higher 

than 6M caused significant irreversible denaturation of cellulase 

complex. After exposure to 8M urea, the cellulase complex showed 

respecitvely 40, 26 and 25 percent loss in Cl ' Cx and filter paper 

activities. Figure 4 shows a similar pattern of loss of enzymatic 

activities of cellulase complex due to pretreatment with various 

concentrations of urea at room temperature. It appeared that at 

room temperature the enzyme molecules could withstand 4M urea 

concentrations with respect to restoration of their activities 

after urea was removed. Further increase in urea concentration 

cuased significant irreversible denaturation of the enzyme, i.e. 

after treatment with 10M urea, the complex possessed respectively 

67, 75 and 63 percent of the original C
x

' Cl and filter paper 
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activities. This is comparable with pretreatment at 4°C. where 

reversible denaturation was achieved up to 6M urea concentration. 

Residual solids which contained approximately 75 percent of 

the cellulase(s) adsorbed on its matrix during hydrolysis process 

were dispersed into a fine powder and suspended (w/v 5%) into 

various concentrations of urea at 4°C for 18 hours. The suspension 

was kept will mixed with the aid of a magnetic stirrer. Filtrates 

were dialyzed against distilled water in order to remove urea. 

Enzymatic activities were determined and are· summarized in Fig. 5. 

It appeared that the three cellulolytic activities Cx' Cl and FPA 

desorbed from residual solids with different concentrations of urea 

treatment. In the elute with 3M urea, 58 percent of the adsorbed 

Cx activity was recovered. Increasing urea concentration up to 

6M, additional 6 percent activity was recovered. Filter paper 

saccharifying activity required relatively high concentration of 

urea. The elutes of 6M urea contained maximum 36 to 48 percent 

of the adsorbed activity (recovery was inconsistent in series of 

experiments and fluctuated between 36 to 48 present). Component 

Cl desorbed from lignocellulose, optimally with 8M urea and recovery 

was 45 percent of the adsorbed Cl activity. Results summarized 

in Table #1 show that a single treatment of residual solids with 

6M urea recovered approximately 39 and 32 percent of the original 

Cx and filter paper activities. Second and third washings of 

the same residual solids did not show any detectible release of 

activities, although some amount of protein was detected in the 

solution. Hydrolyzate obtained from 42 hours enzymatic hydrolysis 

of newsprint possessed respectively 40 and 25 percent of the 
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original e and filter paper activities. An attempt was made to x 
rebuild the enzyme by mixing the remaining enzyme present in the 

hydrolyzate with the enzyme recovered by three consecutive washings 

of the residual solids with 6M urea. The mixture was washed and 

concentrated to normal strength by ultra-filtration on a UM2 

membrane in order to remove sugars present in the hydrolyzate 

fraction. e and filter paper activities were determined. The x 
rebuilt enzyme accounted for respectively 77 and 68 percent of the 

original ex and filter paper activities. There appeared 11 percent 

increase in filter paper activity over simple addition of individual 

fractions activities (compare columns 6 and 7 for FPA Table #1). 

Experiments were designed in which different amounts of urea 

were introduced to hydrolysis reactors. AIter 48 hours of hydrolysis, 

enzymatic activities which remained in mobilized state in hydrol-

ysate were determined. Results are plotted in Fig. 6. Addition 

of O.9M urea had the optimal effect to retain 67 percent of the 

original FPA in mobilized form compared with 17 percent where no 

urea was added. In the solution 87 percent of the e activity was x . 

retained. Addition of urea also showed increase in overall 

hydrolysis of newsprint. There was 8 percent more hydrolysis of 

the substrate in the presence of O.9M urea compared to that when 

urea was added. 

Figure 7 illustrates the rate of hydrolysis of solka floc 

without and with O.9M urea added to the hydrolysis reactor. It 

appears that at the early stage, hydrolysis was faster in the 

reactor where no urea was added. But as the hydrolysis was pro-

longed for an extended period, more sugars were produced in the 
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reactor where 0.9M urea was present. This may suggest that in 

the early stage of hydrolysis, while a greater amount of substrate 

is present, immobilized enzyme molecules have advantage over 

mobilized molecules. But oyer prolonged periods, when immobilized 

molecules will face exhaustion of substrate in their reactive 

vicinity, mobilized molecules will have advantage for having better 

access' to the substrate. Enzyme adsorption patterns (Figures 8 and 

9) in the hydrolysis reactor where no urea was added reflected the 

same picture as described before (Wilke, et ale 1, 2). Filter 

paper activity dropped from 3.1 to 1.2 in the liquid phase in the 

first 20 hours of hydrolysis and decreased slowly to 0.4 after 92 

hours (Fig. 8). In the reactor where 0.9M urea was added, it 

dropped initially from 3.1 to 2.1 but maintained this level even 

after 92 hours of hydrolysis. In the presence of 0.9M urea, 20 

percent of the Cx activity was adsorbed on substrate during the 

first 20 hours of reaction but maintained rest of the 80 percent 

activity in the solution even after 92 hours of hydrolysis (Fig. 

8). In the control where no urea was added, there was a gradual 

adsorption of C activity and after 92 hours only 10 percent of 
x 

the original activity was left in the hydrolyzate. The enzyme 

control showed a marked heat denaturation effect for FPA after 

68 hours incubation at assay temperature of 45°C (Fig. 8). It is 

of interest to note that urea presence appears to stabilize the 

enzyme(s) and showed no heat denaturation effect up to 92 hours 

of incubation. 

In the previous expe"riment, urea and solka floc were mixed 

prior to addition of the enzyme. As described above, one-third 

of the enzyme was adsorbed on substrate during the first 20 hours 
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of hydrolysis and thereafter no enzyme adsorption took place. 

This may suggest that some enzyme molecules were adsorbed before 

urea could have exerted its effect on them. In order to test 

this hypothesi~ another experiment was performed. Figure 10 

shows the results of the experiment where urea was first dissolved 

in the enzyme solution and substrate was then added to the mixture. 

For comparison a control analogous to the previous experiment where 

urea was mixed with solka floc prior to addition of the enzyme 

was also run. Although addition of urea still could not retain all 

the enzyme in solution, the results showed that FPA retention 

in the liquid phase was greater when enzyme molecules were pre

treated with urea. This suggests that possibly urea caused a con

figurational change in the enzyme molecules which rendered them 

unable to be adsorbed on the substrate and then remained in the 

mobilized form. This may also be the.reason for the increase in 

thermal stability of the enzyme molecules which was discussed in 

the previous experiment described above. 

DISCUSSION 

The adsorption of cellulase complex on cellulose may be of 

both physical as well as chemical nature. The physical binding 

of the enzyme molecules may be through a surface clatharate on 

cellulosic fibers. An attempt was made to release the surface 

contact of cellulase protein from residual solids by washing with 

a surfactant. Treatment with Triton X-IOO (up to 5 v/v%) did not 

release adsorbed enzyme(s). The nitrogen and oxygen containing 

groups of protein contain unshared electron pairs, and these may 

unite with the hydrogen of the three hydroxyl groups per molecule 
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of cellulose. Chemical binding of enzyme may be through the 

action of these loosely defined adsorptive forces of attraction. 

The 'borate-glycerol buffer has been previously shown to be useful 

in breaking bonds between proteins and carbohydrates (15). This 

is due to the well-known tendency for borate to form complexes 

with polyhydroxy alcohols such as carbohydrates. There was no 

significant release of enzyme with borate-glycerol buffer. In most 

cases a large shift in pH is necessary to bring about elution of 

adsorbed proteins (25). Elution with pH gradient did release some 

of the adsorbed enzyme, but only in insignificant quantity (Fig. 1). 

In principle both treatments should have influenced the hydrogen 

bonding of the enzyme to cellulose. This indicates that neither 

disengaging the physical contact nor breaking the chemical binding 

may release the enzyme molecules from solids. It may be necessary 

to disrupt both kinds of bindings. In cases where enzyme elution 

is resistant to quite high pH values, it is found that when elution 

is carried out with a displacing reagent the enzyme is obtained in 

the active state (24). 

Treatment with reagents, which might break the chemical binding 

along with partially denaturization of the enzyme molecules, was 

used in order to release proteins structural attachment on the 

• cellulosic fibers. Several kinds of protein denaturations have 

been defined. The denaturation, as used in this paper, refers to 

the type characteristically caused by amide-class reagents such as 

guanidine hydrochloride and urea. Urea may owe its denaturing 

effectiveness to its hydrophobic properties and or bi-, 

functional hydrogen bonding activities. It is worth mentioning at 



26 

this point that denaturation, a$ caused by amide derivatives, 

hydrophobic reagents and detergents, may be the result of a number 

of different factors. These factors, more than one of which may 

be produced by a given molecule, may upset the delicate balance 

between the native protein and the solvent (26). This type of 

denaturation typifies changes in the tertiary structure of the 

protein and involves mostly the breaking of intramolecular hydrogen 

bonding (27, 28). It may lead to further denaturation where the 

secondary helical structure of protein is also altered. Our studies 

were aimed at recovering adsorbed enzyme from residual solids for 

recycling purposes. Detailed studies of the effect of urea on 

cellulase complex is beyond the scope of our presently desired 

objective. Therefore, denaturing effectiveness was simply inter

preted by the response of the enzymatic molecules with respect 

to their exhibited activities after the pretreatment or in the 

presence of a denaturing agent. Guanidine-Hel caused a permanent 

denaturation of cellulase enzyme and therefore was not of much 

use for our objective. Urea was found to be an effective desorbing 

agent in this context. A single washing of residual solids with 

6M urea removed on the average 45 percent of the adsorbed enzyme. 

The rest might still be held by the solid. In some cases adsorbed 

protein can be only partially eluted (25, 29). Such results 

reflect the concept of an inner firmly held layer and an outer 

elutable layer held by secondary forces. 

Results of recombining urea elutes and the hydrolyzates suggest 

that about 70 percent of the original enzyme might be recovered in 

this manner. Trichoderma viride cellulase showed 12 percent loss 

• 
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of filter paper saccharifying activity after 12 hours dialysis, 

a procedure which was used to remove urea from recovered enzyme. 

Approximate1y'7 percent 10,ss in the ce11u1ytic activities by 

treatment with 6M urea may indicate that the urea has caused a 

certain degree of permanent damage to enzyme molecules (Fig. 3). 

Therefore, loss of activities during dialysis and urea treatment 

and possibly some due to heat denaturation may account for the 

remaining 30 percent unrecoverable enzyme. This illustrated 

recovery procedure required relatively high concentrat.ion of urea. 

An alternate approach, where urea was introduced to the hydrolysis 

reactor, retained approximately 2/3 of the enzyme in the hydrolyzate 

during 92 hours hydrolysis. This may suggest that urea modified 

the enzyme molecules by causing certain configurational change 

in the tertiary structure of the protein. Such a change prevented 

the enzyme(s) from becoming adsorbed on cellulose without exerting 

any effect on the active site for its catalytic function. Either 

procedure at present cannot be utilized as a recovery process in 

large scale hydrolysis applications (1,18,30) until some economically 

feasible means are found to recycle urea. 

Studies summarized in this paper show that at least 3/4 of the 

original enzyme adsorbed on cellulose during hydrolysis is not 

• denatured and may possibly be recovered for recycling purposes. 

This retention of activity may be due to the rigidity wit.h which 

cellulase proteins are held. This is a promising conclusion and 

further efforts will be directed to search some means to elute 
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adsorbed enzyme by some economically cheap reagent. Furthermore, 

some kind of pretreatment of either enzyme or substrate may 

provide a weakened linkage for the protein polar groups and permit 

the enzyme removal by subsequent washing or keeping the enzyme 

molecules in the mobilized state in the solution without affecting 

its catalytic function. Further studies will be continued to 

provide a better theoretical understanding and to serve as a basis 

for design of enzyme recovery processes. 

. . 
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