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To test the metal ion effect, hydrolysis experiments for two cellobiohydrolases (CBH | and CBH II) from
Trichoderma reesdiave been carried out in the presence of 10 mM metal ions, such agI€t, Ca™, Hg™,

Ba™, Pb™, and Cd*. The addition of M#", Ba™, and C&" (10 mM) during the hydrolysis of Avicel PH 101
caused an increase in the total reducing sugar (TRS) for CBH | by 142, 135, and 114 percent, respectively.
Those for CBH Il increased by 177, 175, and 115 percent, respectively. Thavithe most stimulatory
metal ion, whereas Hfwas the most inhibitory metal ion. The adsorption experiments were performed to
investigate how the influence of Mnhand Hg* on the hydrolysis is related to the adsorption of
cellobiohydrolases on cellulose. The increase in TRS during hydrolysis by addifigaveed an increase in
adsorption affinity Kag) and tightnessiH,). While, the decrease of TRS during hydrolysis by addintf Hg
caused a decrease in the adsorption affilify) @nd tightness\H,). These results indicate the changes in the
tightness and affinity of adsorption by adding metal ions play a crucial role in the degradation of the
microcrystalline cellulose.
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Introduction scribed® 8
We have previously described the adsorption kinetics of

Cellulosic materials are annually renewable resourcesxoglucanase (Exo Il) in combination with endoglucanase
The utilization of the monomeric sugars stored in cellulosic(endo 1, I, lll, and 1V) from Trichoderma viride on
substrates for the production of industrial chemicals andmicrocrystalline cellulose and its influence on synergistic
microbial protein requires prior hydrolysis of the poly- degradation. The study shows that synergistic degradation of
saccharides by acid or enzymatic treatment. Enzymatimicrocrystalline cellulose is dependent on the randomness
hydrolysis, one of the most effective methods to degradatef the endoglucanase and the tightness and affinity of
cellulose, has been studied closely during the last fevadsorptior?. Also, we reported recently that the increase of
decade$?® However, how cellulases in a multi-enzyme affinity (Kag) and tightness\\H,) for the adsorption of CBH
system act on the complex surface of the cellulose for it combined with CBH Il is in parallel with their maximum
degradation remains a mystery. synergistic degradatiof{:**

Today, there are relatively few studies on the interaction In the present work, we investigate the degradation and
between metal ions and cellulase. Some researches haadsorption characteristics on microcrystalline cellulose for
explored to the effects of metal ions as inhibitory agentsCBH | and Il in the presence of divalent metal ions.
Kanamotoet al® reported that Cii and Hg* are generally ~ Adsorption experiments were performed to investigate how
inhibitory. On the other hand, Cand Mg" have been the influence of the metal ions on the hydrolysis of cellulose
found to be either stimulatory or at least required foris related with the adsorption of CBH | and II.
stability, though in relatively few caséflso, Johnsoret
al.® reported that the cellulase activity framthermocellum Experimental Section
depends on the presence of Cand a thiol reducing agent.

But, the relationships among cellulase components, metal Enzymes CBH | and Il were isolated from commercial
ions, and cellulose are not sufficiently understood. Neverdrichoderma reeseaiellulase preparation (EC 3.2.1.4, Fluka)
theless, these observations may provide clues to descrilly a series of chromatography procedures involving Bio-Gel
exactly how cellulase components act to cellulose. P 10 (Bio-Rad Laboratories, Richmand, USA), DEAE-

Recently, there has been considerable interest in utilizingepharose CL-6B and SP-Sephadex C 50 (Pharmacia Fine
adsorption to obtain a better understanding of the mech€hemicals, Uppsala, Sweden) as described in reféfence
anism of enzymatic degradation. A good understanding oAs shown in Figure 1, the purified cellobiohydrolases
the adsorption phenomena of cellulase components maghowed a single band on SDS-polyacrylamide gel electro-
provide some clues to the true reaction mechanism. Severphoresis. The average molecular weights determined by
attempts to specifically quantify the individual component inSDS-polyacrylamide electrophoretic analysis were 65,000
cellulase mixtures during adsorption experiments are deand 53,000 in Da for CBH | and I, respectively. CBH | and
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I ¥ iy Table 1 Effect of metal ions on hydrolysis of cellulose
' CBH | CBH II
Metallons  TRS*  Relatve TRS TRS  Relative TRS
(mg/mL) (%) (mg/mL) (%)
Buffer 0.159 100(control) 0.100 100(control)
Mn** 0.226 142 0.178 177
Cd™ 0.137 86.2 0.090 89.5
— BB D00 Cu™ 0.013 8.2 0.011 11.0
1
Ba™" 0.215 135 0.175 175
ca* 0.182 114 0.115 115
Hg™* 0.002 11 0.003 3.0
Pb™ 0.009 57 0.014 14
— 45,000 #Total reducing sugar.
- e - «— 38,000 metal ions (MiA" and Hg™). The amount of enzyme in the
o S supernatant was determined by the Lowry methaging
: o4 | — 28,000 bovine serum albumin as the standard.
P i | — 24.000 Results and Discussion
= |

= Effect of Metal lons on Hydrolysis To test the metal ion
L LEEEL il _J effect, hydrolysis experiments were carried out in the
Figure 1. SDS-polyacrylamide gel electrophoresis of CBH | and presence of 10 mM of the metal ions -Of G QlInCL,
Il purified from commercial cellulase derived from reeseiThe H_gCIz, CaCl.g, BaCb, PbCh, and qu' The influence of the.
gel had a polyacrylamide concentration of 10%. CBH I; »  divalent cations on the hydrolysis for CBH I and CBH Il is
CBH II; ® Marker proteins. The marker proteins were bovine Shown Table 1. The relative TRS on hydrolysis are given
serum albumin  (Mr 66,000), egg albumin (Mr 45,000), relative to the controls (set equal to 100 in Table 1) with no
glyceraldehyde-3-phosphate dehydrogenase (Mr 36,000), carbonigdditives. The addition of M# Ba™*, and C&" during the
anhydrase (Mr 29,000) and trypsinogen (Mr 24,000). hydrolysis of cellulose caused an increase in the total
reducing sugar (TRS). This result means the degradation of

Il had high specific activity toward Avicel and very low cellulose was stimulated by these metal ions. On the other
activity toward CM-cellulose compared with endoglucan-hand, a significant decrease of TRS during the hydrolysis
ases. CBH Il had lower specific activity compared with was observed with Hg§ Cu™, and PB*. This indicates the
CBH I. The hydrolysis products of cellulose by the two degradation of cellulose was strongly inhibited by™Hg
enzymes were mainly cellobiose, indicating the two enzy-Cu**, and PB*. The values of TRS for CBH Il by Mhand
mes were indeed cellobiohydrolases. Ba™ (177 and 175 percent to relative TRS, respectively)

Enzymatic Hydrolysis. Avicel PH 101 was used as the were higher than those of CBH | (142 and 135 percent
substrate for the hydrolysis. A 50 mg sample of Avicel PHrelative TRS, respectively). This indicates CBH Il is more
101 was accurately weighed, then immersed in 5 mlLsensitive than CBH | to these metal ions. Also, addition of
enzyme buffer solution at pH 4.8 containing 10 mM of theCa™ for CBH | and Il improved the TRS slightly. The Mn
metal ions of CuG] MnCkL, HgChk, CaC}, BaCh, PbC}, was the most stimulatory metal ion, while'Hgas the most
and CdC} then incubated at 58C with shaking at 120 inhibitory metal ion. These results for Mrand Hg* led us
strokes miit. The final enzyme concentration was 0.2 mg/to study its effects in greater detail.
mL. The reaction was stopped after 24 h by boiling for 10 Effect of Metal lons on Adsorption The adsorption
min. The amount of reducing sugar released was estimatezkperiments were performed to investigate how the influ-
by the dinitrosalicylic acid (DNS) method, using glucose asence of the metal ions on the hydrolysis of cellulose is
a standard® related to the adsorption of cellobiohydrolases. Thé*Mn

Adsorption Studies Avicel PH 101 was used as the metal ion obtained maximum TRS, and ‘Hgetal ion
cellulose adsorbent. A 50 mg cellulose sample was suspendbtained minimum TRS during hydrolysis of cellulose as
ed in 1.0 mL of 0.05 M sodium acetate buffer, pH 4.8, andadding agents for the adsorption experiments. Adsorption
preincubated at a given temperature range of 1%6536r 60  experiments were carried out in the absence and presence of
min. After preincubation, 4.0 mL of 0.1-1.5 mg/mL enzyme MnCl,and HgC} (10 mM). The adsorption kinetic results of
preparation was added. The reaction mixture was subjectezkllobiohydrolases (CBH | and 1l) froffrichoderma reesei
to reciprocal shaking at 120 strokes fhifor 30 min and  show that 60 min is needed to reach equilibrium. Therefore,
then centrifuged for 5 min at 5,000 rev MinAdsorption  this incubation time was chosen for the isotherm experi-
experiments were carried out in the presence of 10 mMnents. Also, the amount of adsorption after a 60 min contact
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Figure 2. Adsorption isotherms of enzyme components in theFigure 3. Langmuir plots for the adsorption isotherms of enzyme
presence of metal ions on Avicel 101 at’@5 (A): CBH I. (@) no components in the presence of metal iqdg: CBH I. (@) no
metal ion; (a ) Mn™; ( A ) Hg™. (B): CBH II. (m ) no metal ion;  metal ion; (4 ) Mn**; ( A ) Hg™". (B): CBH II. (m ) no metal ion;
(A)MN™; (2)Hg™ (A)MN™; (2)Hg™

period was taken as the maximum adsorbed value. Figure 2 shows adsorption as a function of varying enzyme
The parameter values were determined using the Langsoncentrations at 2%C. The adsorption isotherm, equation
muir adsorption isotherm equation to obtain a quantitativgl), can be rearranged as follows:
analysis of the effect of the composition of cellulase
[E] _ 1 1
components. _ o _ [A] - KalAL] +[A N (E] (2)
From the Langmuir adsorption isotherm, the adsorption of ad =L m ma
cellulase can be described as follows: The adsorption equilibrium constant and amount of maxi-
[Ana] (Kod E] mum adsorption were determined from the _slope of plots of
[A] = % () [EV[A] vs. [E], using a least-square analysis. The plots of
ad E] [EV[A] vs [E] gave fairly good straight lines, as shown in
where Amax and Kagare the maximum amount of enzyme Figure 3. These results imply that the adsorption of CBH |
adsorbed per unit weight of cellulose and the adsorptiond CBH Il on cellulose follow the Langmuir isotherm, as
equilibrium constant, respectivelE][is the concentration also observed by other investigationis. Equation (2) is
of enzyme in the liquid phase at the adsorption equilibriumyvalid only if the adsorption site and adsorbate molecules are
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Table 2 Langmuir parameters at various temperatures

CBH | CBH I
Temp. Buffer Mn** Hg*™ Buffer Mn** Hg™*
(o}
( C) aAmax bKad Amax X Kad Amax Kad Amax Kad Amax Kad Amax Kad
x 10 x 10 10t x 10 x 10* x 10 x 10 x 10 x10* x 107 x 10 x 10

15 9.70 23.4 11.14 28.6 9.55 16.2 9.77 6.38 12.84 16.6 10.22 4.1
20 9.53 21.0 10.76 24.0 9.34 15.6 9.60 6.05 12.09 14.6 10.01 4.0
25 9.35 18.4 10.40 20.5 9.25 14.4 9.36 5.80 10.75 13.0 9.94 3.9
30 8.49 16.2 9.72 17.2 8.95 13.3 9.00 5.60 10.39 11.3 9.47 3.9

3Maximum adsorption amoumts of cellulase (motkagllulose)’Kaq = adsorption equilibrium constant (L m)l

dependent and equivalent and is not applicable to multito the degradation of cellulose.

equilibrium systems comprising two different adsorbates, in The thermodynamic parameters in the adsorption of
general. Nevertheless, adsorption data for CBH | and CBH
Il are known to obey the Langmuir adsorption isotherm.
Table 2 shows the Langmuir parameters for cellulase, whic 1260 — A
were estimated from the data in Figure 3. The valu€,of

and Anax decreased with increasing temperature, and thi
tendency was remarkable in the case of CBH I. The increas 1240 —
in Kag and Anax at lower temperatures may be related to a
reduction in translational energy of the enzyme, which coulc
enhance the positioning of the enzyme for adsorption, orto =
reduction in energy available for desorption. The fact tha £
Amax andKgq increased with decreasing temperature means :‘é’
according to the Le Chatelier principle, that the adsorptior = 120¢ -
of cellulase is driven by a decrease in enthalpy, which is a
evolution of the heat of adsorption. The value8gkin the

presence of M for CBH | and Il were larger than those in 1180 -
the absence of metal ion. The valueg\gf«in the presence

of Hg™ for CBH | were smaller than those in the absence o

12.20 —

metal ion. The values Anaxin the presence of H{ for 1160 — = — ] 1
CBH Il were larger than those in the absence of metal ior 3.28 3.32 3.38 3.40 3.44 3.48
The amount of maximum adsorption by adding"Hgas 1T10°(K)

very large compared with very small TRS in hydrolysis. 1200 - g

This means that the amount of TRS during hydrolysis is no /
dependent upon the value &fax. TheKaq values of CBH | 4

were larger than those of CBH Il. Th&q value is an /

intensive property of adsorption and is a measurement ¢ 1160 —
adsorption affinity. Therefore, CBH | had a higher adsorp-
tion affinity for Avicel than CBH II. i
The values of kyin the presence of Mh are larger than
the values in its absence. This indicates that the adsorptic
affinity is increased by M, Whereas the values Biqin | F/VA/A
the presence of H{ are smaller than the values in its
absence. This indicates that adsorption affinity is reduced b
Hg™. These results indicate that the metal ions affect thi
affinity of adsorption for CBH | and CBH Il during the Y
adsorption process. This means that metal ions can &
related to the interaction between the binding domain o 10.40 ‘ ‘
cellulase and the binding site of cellulose. The changes ¢ 3.28 3.32 338 3.40 3.44 3.48
Kadbetween the presence and absence df kén CBH || 1T ¥ 107 (K}
were greater Ef:an those of CBH I. The value of TRS fo'Figure 4. Temperature dependency of adsorption equilibrium
CBH Il by Mn™ (177 percent to relative TRS) was higher constant K. of enzyme components on Avicel 101. (A): CBH I.
than that of CBH | (142 percent to relative TRS). This(e) no metal ion; @ ) Mn™; (A ) Hg™. (B): CBH II. (m ) no
indicates that the improvementkfsby metal ion is related metal ion; (a ) Mn™; (A ) Hg™.

11.20 —

InK(l/mol)

10.80 —
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Table 3 Thermodynamic parameters in adsorption cellulase comtightness £H,), whereas the decrease of TRS on hydrolysis
ponents at 25C by adding H§" caused a decrease of adsorption affinity
(Kag) and tightnessAHj). This means the amounts of TRS

Thermodynarm! cBA | cenl on hydrolysis by metal ions is directly correlated with the
c Parameterspuffer Mn** Hg™ Buffer Mn** Hg" y . y . y . y .

- adsorption affinity Kag) and tightnessf\H,). A strong affi-
AHa(kdmol") -18.0 -244 97  -62 -17.0 -26  pjty and tightness of the enzyme would disrupt the hydrogen

bonding networks in the crystal lattice, ultimately collapsing
cellulase can be evaluated from #g values. The change the ordered structure of cellulose particles and preventing
in enthalpy QH,), one of the thermodynamic parameters,their adhesion. These results indicate that the changes of the

was obtained from the van’t Hoff equation:

tightness and affinity of adsorption by adding metal ions
play a crucial role in the degradation of the microcrystalline

_ AR Ao
dinK 4 = 0 R EHD]'D 3) cellulose.
whereAH,is the value of enthalpy of adsorption, & a References
gas constant. Equation 3 shows that a plot kKfdagainst
1/T has a slope ofAH/R (Figure 4). 1. Landish, M. R.; Lin, K. W,; Voloch, M.; Tsao, G. T.

Table 3 shows the changes of enthalpy accompanying the
adsorptions that were obtained with Equation (3). We found 2-
from the negative values 6H, that the adsorption reaction
was an exothermic and adsorption enthalpy-controlled reac-3-
tion. Therefore, the adsorption of CBH's is driven by the
decrease in enthalpy in the formation of the enzyme-cellu- 2’
lose complex. In the previous article, we reported that it was
effective to describe the change of adsorption enthalpy as they.
tightness of the cellulase adsorption on cellufoke heat
of adsorption of CBH | is -18.0 kJ mé&l much larger than
that of CBH Il (-6.2 kJ ma}). It can be concluded that CBH 7.
| shows stronger preferential adsorption than CBH II.

The values of negativAH, in the presence of Mh are 8.
larger than the values in its absence. This indicates that the
adsorption tightness is increased by *Mnwhereas the
values of negativeAH, in the presence of HY are far 10
smaller than those in its absence. This indicates that the™
adsorption tightness is reduced by "HgThese results 14
indicate that the metal ions would affect the tightness of
adsorption for CBH | and CBH Il during the adsorption 12.
process.

The Kag and negativedH, values for CBH | are much 13.
larger than those of CBH II. This indicates that the CBH I
does not affect the adsorption of CBH | significantly. Also,
these findings support the view that the specific binding sitet4-
exists for CBH | and Il, respective§. Accordingly, the

. : .15,
conclusion may be drawn that the difference of adsorptlor}
affinity and tightness for CBH | and Il in the presence of
metal ions may be caused by the difference of metal ion
interactions with these enzymes on a specific binding site. 17

The increase of TRS during hydrolysis by adding"™n

caused an increase of the adsorption affinkyg)(and  18.
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