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ABSTRACT 

The pa-dependence of the kinetic parameters for the hydrolysis of yeast glucan 

with endo-(1 +3)-fl-~glucanase II from Flav. dormitator var. glucanolyticae FA-5 

suggests that two residues (histidyl and carboxyl) are involved in the enzyme action. 

Chemical modification of the enzyme has been studied in order to identify the kinds 

and the number of amino acid residues involved in enzyme action. Photo-oxidation 

and carbethoxylation of the enzyme indicated that the decomposition of a histidine 

residue is responsible for the loss of activity. Modification of the enzyme with Wood- 

ward’s reagent K indicated that - 12 carboxyl residues in the enzyme are involved 

in the catalytic and/or substrate binding-site. 

INTRODUCTION 

Flavobacterium dormitator var. glucanolyticae FA-5 produces five endo-(I -+ 3)- 

B-D-glucanases’. The purification and some physicochemical and enzymic properties 

of the enzymes II* and IV have been reportedlm3. The large amounts of purified 

enzyme II available have allowed a study of the nature of the active site. 

There is little information on the active site of endo-( I -+ 3)-P-D-glucanase4- ‘. 

Identification of the residues involved in the enzyme action was difficult, because of 

the small amounts of enzyme available for study. Carboxyl and histidine residues are 

involved5 in the active site of endo-(1+3)-/?-D-glucanase IV, and histidine and the 

tryptophan side-chain are involved in the catalytic site’ of Basidiomycetes exo-(1+3)- 

fi-D-glucanase. 

We now report on the chemical modification of amino acid residues of endo- 

(1+3)-fl-D-glucanase II [E.C. 3.2.1.6, endo-1,3(4)-/?-D-glucanase] and discuss the 

results in terms of enzyme structure and function. 

MATERIALS AND METHODS 

Enzyme. - Endo-(I +3)-P-D-glucanase II was prepared’ from Flavobacterium 

*The enzymes are denoted as B and I-IV, based on the order of elution from SP-Sephadex C-50 with 
0.01~ potassium phosphate buffer (pH 5.0). 
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hwritator var. ~~:hrc.trrlol~.tic,ctc~ FA-5: the E: y;;, 2x,, ,,“, value of 22.7 N;IS used tb~ 

determination of the cnxyme concentration. ’ 

Rea,ycn 1.5. -- :l:-Ethyl-S-phznyli4ouaroliuni-3’-sulfl~nate (Woodward’s rcagcnt 

K I (Fluka) was rccrystall~~cd three times from hl HCI acctclnc ML’rcaptoethene- 

sulfonic acid and l-cthyl-3-~?-dimethyluminoprop~l)c;arl~od~~m~Je hydrochloride 

(EDC ) were commercu~l materials. Tetranitrc~mcthanc B LLI washed three timc$ !vit h 

an equal volume of water and tlistlllcd under reduced prc\sure 411 other chcmxal~ 

were special reagent grade and were rccrystalliscd tjr dist&xi ;i\ approllrIatc. 

rGlZ_l 11W USSIII’. F,nfyrnc activill w;is mcasuicd bq u\lng I,Imln:irin ur >c;ist 

&can as substrate’*“. 

.\/0tliJic~cttiwt of ilw cwzytw. (II) Mcthl:mlnc rc4ue3 \\crc lJ\ldisrd with 

chloramrnc T and .V-chlorosuccinimlde cssenttallq by the procedure of‘ Sht!chtcr 

r-1 (11.’ “. 

(h) Arginine residues \%erc modifed by treatment of’ the cnqme with I,?- 

cyclohexanedione esscntlally as described by [‘atthy und Smith’ ‘. cxept that the pli 

of butler was lowered to 7.5 in order lo dahllisc the ~IIZ~IIW. 

(c) Histidinc residues were modified hq photo-n~id:ltlnri” of the cnyymc 

(3 mg,‘mL) in the prcscncc of 5 v IO- ‘I’(, of Rose Bengal. 

(tl) Carboxyl residues \\ ore moditicd by treatment 1 ’ of the c~qxw with EDC. 

Glyclnsmidc was used a4 nuclcophilic acceptor of the :lcti\ated carboxyl groups. 

(v) The carhoxyl gr-OII~S uert modrficd hx treatment’ ’ with Woodward’s 

reagent K. and the reaction was quenched by the uddltlnn of 0. I \ 01. of M sod~u~~~ 

acetate (pH 6.0). The solution VIES dlalysed ag;unst water ;tnti then I1!Jrolysccl I II ii 

sealed tube. The degree of modification was measured b> the rclcax of‘ cthylamlnc 

(assayed using a Hitachi 034 amino acid autoanalyser ) on acid hydrol+ls. 

(f ) Tyro5iiic midueb wrc modifkd by nitritt~on of the ~~ir~iiic in 0.0151 

Tris . HCI hutrcr (pH X.0) at room tcmpcraturc. 0.841 Tetrnnitrolnethane III Oj”,, 

ethanol (IO /IL) was ad&d to I mL of a snlutinn containing _ 3 111g of the cnryme 

and 0.Oli~ Tris . HCI bulrcr (pH X.0). 

For the mewrrfmC’nt of the degree of mndificotion and av>me activity, 

aliquots were eluted from ;I column (0.9 a* IS cm) 01‘ Scpliad~3 Ci- IO with 0.01 %I 

sodium acetate hutyer (pt I h.0) to remove tetranitronlethanc. %ltrotyrosinc rcGdues 

of the enzyme were mrasurcd sl~ectrophotomctrically’i and by amino acid analysis’ I’. 

Reductmn ol’nitrot) rosinc residue\ of lhc cn/ymc was pcrformcti under I he sonthtions 

dexribcd by Soholovsky c*t nl. ’ I’. 

(g) The enzyme wab titrated4 for mercapto groups and dlsuliidc groups. and 

the number of mcrcapto groups reacted WIS based on a molar ;h.cr~*hn~w~ of 13.600 

for the reduction product ~)f S,S’-dlthiobis(?-nitrobrllzoic acid )I -. 

(/I) Tryptophan t&dues and amino groups 0f the enzyme \\c‘re modified 

under conditions Gmllsr to those rcportcd by Robinson’ * and Klappcr and Klotz’“, 

rcspectlvely. using ~-hyJro\y-5-iiltrobciiz~I hromidc rtml glcclnic anh>dridc. 

-hino ncidrrtwlwis. --. Sample\ for amimr acid anal>srs were prrcipitatcd \\ith 

aqueou\ 5 “o trichloroacctic acid. The prccipitatc U;;IS washed with acetc>nc and ether, 
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dried under nitrogen, and hydrolysed in sealed, evacuated tubes with 5.7~ HCl or 

3M mercaptoethanesulfonic acid for 24 h at I 10”. Amino acids were analysed by using 

a Hitachi 034 amino acid autoanalyser. Methionine sulfoxide in the presence of 

methionine was determined’0*20 after treatment with cyanogen bromide in aqueous 

80 % formic acid. 

RESULTS 

pH-Dependence of kinetic parameters. - Fig. 1 shows a plot of the kinetic 

parameters against pH for the hydrolysis of laminarin. The plot of log(V,,,,,/K,) 

against pH gave two pK, values (5.0 and 7.2). The pK,, ofthe enzyme was not apparent 

in the plot of pK, against pH. The pK of a group in the enzyme which may affect 

the velocity and be reflected in the plot of log V against pH will be cancelled out of 

the pK, plot if its ionisation is not affected by binding with the substrate, as with 

glucoamylase21. 

Standard enthalphy changes for these two groups of the enzyme, as determined 

by the van? Hoff analysis, were 0 kcal/mol for the group having pK,, 5.0 and +S 

kcal/mol for the group having pK,, 7.2, suggesting these groups to be a carboxyl 

group and histidine residue, respectively (Fig. 2). 

These observations make it likely that carboxyl groups and histidine residue 

are parts of the catalytic mechanism. 

A~nino acid analysis. - Table I shows the amino acid composition of the 

enzyme. 

Modijcation of rnethionine residues. - Table 11 shows that the addition of 

chloramine T to the enzyme at pH 8.0 did not cause loss of activity even with a 

large excess of reagent (molar ratio 2,500 : 1) and a longer incubation time (60 min) 

0.5 

J 
a 0.0 

1 

-E 
0.5 

4_ 
2 0.0 

,i 

E 
2 
g 0.5 
_ I I I I I I 

4 5 6 7 6 

PH 

Fig. 1. Effect of pH on kinetic parameters. 

Fig. 2. Effect of temperature on pKnl. 
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TABLE I 

AT 
Thr 

Ser 
GILI 

Pro 

GlY 
Ala 
cys :z 

Val 

hlet 

Ile 

LrLl 

-ryr 

Phe 
Lq’h 
His 

Arg 

Trp 

0.116 
0.088 
0.068 
0.101 
0.071 
RI!’ 
0.1 IL 

(0.006~ 
0.057 

(0.009) 
0.035 

0.050 
0.030 
0.033 

0.03x 
0.023 
0.059 

0.108 0 IIN 

0.08 I 0.07x 
0.057 0.053 
0.092 0.103 
0.065 0 072 

0. I34 0.12X 

0. IO0 0.1 IO 

(0.004, (O.OOi)! 
0.057 O.O>Y 

(0.008) ~0.00’))” 

0.016 0.0”) 

0.047 0.05 7 
0.018 0.070 

0.03 1 0.034 
o.wt( 0.02Y 
0.023 0.075 
0.055 0.060 

(0.021),’ (0.073)” 

I-1 

CfApproxmlated to the nearrht integer. “From performlc acid-w.i&sed sample; determmed 3s cystclc 

acid and methionins \tllfonc. rcspccti\ely”. ’ ~JercaJ~toethanestllli,nic ,Icld hydrt)lysis. ‘Cipectro- 

photometric analyst\. 

TABLE II 

20 

100 
200 

2,500 
1,500” 

0 
O.O--0.05 
0.7 -0.x 
’ 3-q 3 . .._ -._ 
1. JL’. 1 
1.9.-‘.I! 
1.7-G 

100 
YY--107 
0%100 

95-96 
‘)3-96 
YO-91 
‘,i-Yi 

‘The enzyme (I .7 mg) \~a\ di>solvcd In I.0 mL of O.lh! Tr~s. HC I (pH X.0). and aqueL,w chloramlnc T 

has added. After 60 min, the protein was apphed to Bio-Gel P-2, to remohe chlor,lmme T. and 

analysed for methionine sulfoxide content and enryme acttvlt) “The cnrymc \\‘i~, modified in 1 hc 
presence of larnmxin (5 mgjniL), 
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in the presence, or the absence, of laminarin as substrate, but there was rapid oxida- 

tion of I .7-2.1 methionine residues (assayed as methionine sulfoxide). 

The oxidation of ~0.9 methionine residue of the enzyme with N-chloro- 

succinimide was observed with 1,000 equiv. of N-chlorosuccinimide, but there was 

no loss of the enzyme activity. 

Modijication of arginine residues. - The enzyme did not lose its activity on 

treatment with I ,2-cyclohexanedione, but, after 1, 2, and 20 h, N 7 arginine residues 

had been modified. Arginine residues (1 I .I-12.4 residues/m01 of enzyme) could be 

recovered from the modified enzyme by incubation at 37” in hydroxylamine buffer 

(pH 7.0) for 10 h, in good agreement with the recovery obtained by hydrolysis of the 

native enzyme with HCl. 

Modijcation qf histidine residues. - The photo-oxidation of the enzyme in 

the presence of Rose Bengal resulted in a loss of activity which followed pseudo- 

first-order kinetics (Fig. 3A). Laminarin protected against the photo-oxidation, but 

starch, glycogen, yeast mannan, or xylan had no effect. The rate of photo-oxidation 

was pH-dependent and the plots of the pseudo-first-order rate constant (k, min-‘) 

against pH fell close to the titration curves of histidine (Fig. 3B). Photo-oxidation 

of the enzyme in the absence of Rose Bengal had no effect on the activity. 

By amino acid analyses or by titration with diazonium-I H-tetrazole, which has 

been used to quantify histidine and tyrosine 22 histidine was shown to be the only , 

amino acid susceptible to photo-oxidation, and a loss of 1 residue/m01 of the enzyme 

occurred. Fig. 4 shows that the decrease in enzyme activity was directly related to the 

amount of histidine residue modified. Amino acid analyses of the photo-oxidised 

enzyme revealed the destruction of 0.79 histidine residue/m01 of enzyme with 90”//, 

loss of activity. 

No loss of tryptophan was detected after photo-oxidation of the enzyme. 

Methionine sulfoxide, which might be formed during the photo-oxidation, is 

reconverted into methionine during acid hydrolysis. Consequently, a sample of the 

5 6 7 6 
PH 

Fig. 3. Effect of pH on the rates of photo-oxidation of endo-(1+3)$bglucanase II: (A) loss of 
enzyme activity at pH 5, 6.1, 6.7, 7, and 8; (B) effect of pH on the pseudo-first-order rate constant 
(k, min-‘) for photo-oxidation. 



photo-oxldised enzyme ~;IS hydt-olysrd with ali\nli. Amino 3c1d anAy then rcvealrd 

no methionine sulfuxide and no change In the tncthioninc content ~)1‘ the protan. 



ENDO-( I+ 3)$-D-GLUCANASE 143 

substrate protection of the enzyme with laminarin. Other (l-+3)-fi-D-glucans, such 

as pachyman and yeast glucan, also protected the enzyme from Woodward’s reagent 

K, but glycogen, starch, and pullulan had no effect. Fig. 6 shows that the essential 

carboxyl residues for the hydrolysis of (1 + 3)-j-D-glucan are 12 reactive groups out of 

a total 45 carboxyl residues (including amide groups). Amino acid analyses revealed 

that no other residues were modified. These results suggest that the carboxyl group is 

at the active site and/or substrate binding-site, or is involved in maintenance of 

structural integrity. 

Also, the enzyme was rapidly inactivated by 1 -ethyl-3-(3-dimethylaminopropyl)- 

carbodiimide hydrochloride (EDC). 

Modification of tyrosine residues. - No loss of activity could be detected after 

treatment of the enzyme at pH 8.0 with a large excess of tetranitromethane (molar 

ratio lo5 : 1) and a long incubation time (5 h), which led to a nitration of 2.4-3.0 

tyrosine residues as determined by spectrophotometric and amino acid analyses, 

indicating that 3 tyrosine residues of the enzyme were exposed and the other 3 

residues were buried in the interior of the enzyme protein (Table TII). The maximum 

nitration corresponding to 6.1 nitrotyrosine residues/m01 of enzyme was achieved 

when the nitration was performed in 5M guanidinium hydrochloride. 

Modification of cysteine residues. - Modification of cysteine residues with 5,5’- 

dithiobis(2-nitrobenzoic acid) did not cause any loss of enzyme activity. The number 

of total cysteine residues analysed was 1.6-1.8 in the reduced protein, in good 

agreement with the numbers obtained by carboxymethylation. 

Modtfication of tryptophan residues and amino groups. - The activity of the 

enzyme decreased by -20x, after modification of the enzyme with > 80 mol of 

2-hydroxy-5-nitrobenzyl bromide, and with succinic anhydride. 

DISCUSSION 

Enzyme kinetics and chemical modification have been used to identify amino 

TABLE III 

NITRATION OF ENDO-(I +3)$-D-GLUCANASE II WITH TETRANITROMETHANE 

~~ ___~ ~. 

Preparation Nitrotyrosinea 
(mol/mol of enzyme) 

___- ~~ _~~ 
I II 

Enzyme nitrated in the 

Relative 
enzyme 
activity 

absence of Guanb 
Enzyme nitrated in the 
presence of Guan 
Native enzyme 

2.4-3.0 3.1-3.2 80 

5.8-6.1 6.0-6.1 0 
0.0 0.0 100 

“I, Spectrophotometric analysis at 428 nm; II, amino acid analysis. bGuanidinium hydrochloride. 
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acid residues involved in the enzyme action of endo-( I 43)-[i-D-giucanase II from 

Flav, dotwitator var. ,~:lucan[)l~,ti~.~Ii~ FA-5, and have been compared with simllal 

attempts to modify amino acid residues in Basidiom~wtes txo-( I -3)-/j-u-glucanase*. 

The first-order loss of enzyme activity during photo-oxidation is evidence that 

the decomposition of a single type of functional group is occurring. Although 

tyrosine, tryptophan, methionine, cysteine, and histidine have been reported to be 

affected by photo-oxidation. attempts were made to rule out l~rnstne, tryptophan, 

methionine, and cysteine by the use of selective reagents 

Nitration of the enzyme with tetranitromethane indicated that 3 out of‘ h 

tyrosine residues are reactive. The mtratcd enzyme retained 80”,, of the activity of 

the native enzyme. These reactive tyrosine residues are located outside the acti\,e 

site and the sub-site clcl‘t. The small decrease in activity may be due to small con- 

formational changes caused by the modification. 

Although tetranltromethane atso reacts with cysteine and methiomne residues. 

the loss of the enzyme activity was not due to modification of thcsc residues. since 

treatment of the enzyme with chloramine T, N-chlorosuccinimide- and 2-hydroxy-5- 

nitrobenzyl bromide had no effect on activity. 

Oxidation of proteins with IV-chlorosuccinimide at pH 7.0-X.5 can distinguish’” 

between exposed, partially exposed, and buried methionine residucb. A s&e 

methionine residue was oxidised with 1 .OOO equlv. of N-chlorosuccinimldr. indicating 

that this residue was completely exposed and that the other 3 methionine residues 

were buried within the enzyme molecule. 

Thus, only a small part, if any, of the loss of enzyme activity on photo-oxidation 

can be attributed to the oxidation ot’ mcthioninc, tyrosinc. cysteinc. and tryptophnn. 

The loss of activity which accompanied the destruction of one histidine residue per 

enzyme molecule indicates that this residue is essential for activity. 

The 7 arginine residues of the enzyme reacted with I.?-cycloheuanedione and 

there was no loss of activity. Thus, the arginine rrsidues have no role rn the activity 

of the enzyme. 

Modification of the carboxyl group of the enzyme with Woodward’s reagent K 

or EDC, and the protection with laminann, pachyman, and qcast glucan may he 

compared with the results of similar experiments conducted on Brzsic/ionf~,c,tltr.r exe- 

(1 +3)-/3-D-glucanase8. Carboxyl groups are not involved in catalysis eirccted by the 

Basidionz_wetc~s enzyme, whereas rhc carboxyl groups of’ I-‘l(/r. undo-( I +3)-/1-t>- 

glucanase II and IV arc protected by the binding of such substrates as lamlnarin, 

pachyman, or yeast glucan, and appear to play a role in catalysis, subatratc binding. 

and/or in maintenance of structural integrity. The present finding makes it likely 

that carboxyl groups in endo-( I +3)-/i-LI-glucanasc I I tnost elTecti\ely protected from 

modification by binding of substrate are Involved in Ihe substrate binding-site and 

probably promote hydrogen bonding. Endo-( I -3 )-/$.r.+glucanasc I1 has I:! carboxyl 

groups essential for the catalysis. 

Thus, it is concluded that the carboxyl groups and the protonatcd lmidazole 

ring of histidine are essential for the action of F‘lnr. endo-( I -(3)-P-1,-plucanase II. 
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