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Two endo+D-glucanases whrch act, respectively, on (1 +3)-j#-D-glucans and 
barley j?-D-ghxcan have been isolated from malted barley, and purified by ion- 
exchange chromatography. The iatter enzyme is h&ly specfic for barley #?-D-glucan, 

and has no actron on either (1+3)- or (1 *4)-j?-D-glucans It wll also act on dyed 
barley-&D-glucan Certain group-spec&c reagents inhibit the endo-barley-B-D- 
glucanase and the endo-(l+3)-B_D-glucanase to sumlar extents 

INTRODUCTION 

Extracts of malted barley contam a complex system of enzymes capable of 
hydrolysing j?-D-glucosidrc lmkages24; at least five enzymes can be drstingurshed 
accordmg to their action pattern and specrficlty 2. Punfication of these enzymes by 
gel filtratron on Brogel P-60 is hmited m two ways Frrstly, only relatively small 
amounts of startmg matenal can be punfied; secondly, it is drfficult to achieve a 
smple, complete separatron of the two endo-P-D-ghrcanases of low molecular we&t, 
namely, an endo-barley-j?-D-glucnase (decked as endo-j?-D-glucanase activity towards 
barley B-D-glucan) and an endo-(l+Tj-j?-D-glucanase. We now descnbe a procedure 

for the separation and purifkation of these enzymes by xon-exchange chromatography. 

Tlus method results in high pelds of purtied enzyme, and can be scaled-up as a batch 
procedure to obtain relatively large amounts of h@ly purdied protein whxch are 

needed for stules on enzyme structure and for the exploration of enzyme-substrate 
relationslups m v.%05 Some proper&s of the endo-barley-&D&case purr&d by 
thrs method are also described. 

*Studies on &glucanases Part III For Part Ii, see Ref 1 
*Present address The Rockefeller University, New York, N Y 10021, U S A. 
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JZXPERIMENTAL 

Enzyme source - Malted barley (Var Golden Promise, 1973 harvest) was a 
gn? from A K. MacW&am of Drybroughs & Co Ltd , Edinburgh 

Analytwal methods - Reducmg sugars were determmed by a mochfied Nelson 
method6 Protem was determmed by a moddied Lowry method’, cahbrated agamst 
bovme serum albumin The protem content of column fractions was monitored by 
measuring the extmctlon at 280 nm 

Substrates and enzyme assays -The preparation of substrates and the measure- 
ment of fi-D-glucanase activities by both reductometmc and vlscometrlc assay proce- 
dures have been described m detail elsewhere’ In experiments with purllied endo- 
barley-/?-D-glucanase, 0 5 ml of hchemn solution (0 5%) was incubated for 1 h at 
37” WI& 0 3 ml of sodmm acetate btier (0 lo, pH 4 8) and 0 2 ml of appropnately 
chluted enzyme solution, the reactlon bemg stopped by the addltlon of the Nelson 
copper reage&. 

Inhzbztor assays - The source of eIlLyme mhlbltors and the condltlons for 
their reaction with enzyme solutions have been described previously ’ 

Chromatography - Malted-barley extracts were fractionated by Ion-exchange 
chromatography at O-4”, on columns of DEAE- or CM-cellulose (DE52 ‘md CM52 
grades, respe&vely, Whatman Blochemlcals Ltd , MaIdstone, Kent), prepared 
accordmg to the manufacturer’s mstructlons For the large-scale me hod, ion- 
exchange resms were prepared as thick pads, m Buchner funnels, to gve a total 
bed-volume of -680 ml Gel filtratron was camed out on columns of Blogel P-30 or 
P-60 (Blo-Rad Laboratones Ltd , Bromley, Kent) Descending paper chromato- 
grams on Whatman No 1 paper were developed m ethyl acetate-pyndme-water 
(10 4 3) Reducmg sugars were detected urlth alkaline sdver nItrate* 

Enzyme extractron - Malted-barley flour was extracted by stimng with 0 2~ 
sodium acetate buffer @H 5 0, 3 htres/kg of flour) for 3 h at O-4” After centrtiuga- 
tion and dlalysls agamst 0 02~ sodmm acetate buffer (PH 5, 24 h, O-4’), protein was 
preclpltated by the add&on of sohd ammonium sulphate to 80% saturation A 
solution of the resultmg prcclpltate m sodmm acetate buffer (0 OHM, pH 5) was lalysed 
agamst the same buffer (48 h, O-4”) and freeze-tied This O-80% ammonium sulphate 
fraction (&) was the starting material for subsequent pur&ation procedures 

Ion-exchange chromatography of malted-barley extract - (a) On DEAE- 
cellulose A column (30 x 2 5 cm) of DEAE-cellulose equllmrated m c&rate-phosphate 
buffer (0 OHM, pH 8 0) was used to fractionate 500 mg of _& &ssolved m the same 
buffer Protem was eluted from the column by a salt gradrent (O+M NaCl) m 0 02M 
citrate-phosphate, followed by a pH gra&ent (8 O-+3 0) of 0 02~ &rate-phosphate 
contammg M NaCl Fig 1 shows that all the actmty towards barley /3-~&can and 
lammarm was eluted at the begmnmg of the salt gradrent Endo-(1 +4)$-o-glucanase 
actmty (z e , a&v&y towards CM-cellulose by vlscometic assay), wbch was extremely 
low m the sample of malted-barley flour used m these expenments, was also unad- 
sorbed by the DEAE-cellulose In contrast, a large propotion of the protem (EZao,A 
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and one peak of actrvrty towards cellobrose (B-D-glucosrdase) were bound to the 
column Fractrons eluted at the begmnmg of the salt gradrent were combined, and 
dralysed against 0 02~ sodnrm acetate (pH 4 8, 24 h at 0-4O with two changes of 
acetate buffer) 

(b) On CM-ceZZuZo.se The dralysed solution from (a) was apphed to a column 
(30 x 2 5 cm) of CM-cellulose equrhbrated m 0 02~ sodrum acetate buffer at pH 4 8 
Protem was eluted from the column wrth a gradient of 0 02-l OM sodmm acetate 
(pH 4 8). The results are shown m Frg 2 Complete separatron of the endo-(1+3)-/l- 
D-glucanase and endo-barley-B-D-glucanase actrvrtres was obtamed, *he latter enzyme 
bemg strongly bound to the ion-exchange resin 

(c) Batchmse ron-exchange procedure A solutron contammg 2 g of Fraction E, 

m 500 ml of 0 02M citrate-phosphate bufIer (pH 8) was poured on to a pad of DEAE- 
cellulose previously equilibrated wrth the same buffer The DEAE-cellulose was then 
washed with 2 htres of equrhbratmg buffer, the eluant being recycled through the 
ion-exchange resin to give Fraction Es Table I shows that 75% of the endo-barley- 
jl-D-glucanase and 98% of the endo-( 1+3)-j?-D-glucanase actrvrtres were recovered m 
Fraction E2 In contrast, 66% of the total protein was bound to the DEAE-cellulose 
Fraction E, was &alysed m an Armcon TCF-10 ultrafiltratron cell, using a D&o 
PM-10 membrane (Amrcon Ltd , Hrgh Wycombe, Bucks ), and 0 02~ sodmm acetate 
buffer (pH 4 8) as dialysis buffer The resulting solution (Fraction ES) was poured on 
to a pad of CM-cellulose prevrously equrhbrated with 0 02~ sodium acetate buffer 
@H 4 8) Protein was eluted from the pad by successrve elutron with 2 htres of 
eqmhbratmg buffer (Fraction EJ, 2 htres of 0 25~ sodmm acetate (pH 4.8, 
Fractron Es), and 2 htres of M sodmm acetate @H 4 8, Fraction Es) After collection, 
each fraction was recycled through the CM-cellulose The recovery of protem, 
endo-(1 +3)-/3-D-glucanase, and endo-barley-B-D-glucanase (vrscometnc assays) 1s 
shown m Table I Vu-tually all of the endo-(143)~/_?-D-glucanase was recovered m 
Fraction E,, whereas the endo-barley-P-D-glucanase was more firmly bound to the 
Ion-exchange resm and was then completely eluted with M acetate The specific 
actrvrtres of the endo-(1 +3)-/l-D-glucanase m Fractrons El and E5 were 8 3 and 42 3, 
respectrvely, and of the endo-barley-j?-D-glucanase m Fractions E, and E6 were 1 9 
and 15 2, respectively. The specific activity of both enzymes m Er IS about twrce that 
of the mitral extract 

Further purzficatlon of endo-(I +3)-B-D-ghfcana.?e and endo-barley-j?-D-ghicanase 

- Partrally punfred enzymes obtained from the batchwrse ron-exchange method 
can be further puIlfied by gel flltratron on columns of Brogel P-30 or P-60’ .‘, or by a 
combmatron of gel filtratron and ion-exchange chromatography on columns of 
CM-cellulose Thrs latter procedure 1s partrcularly useful rf small amounts of endo- 
(1+3)-/3-D-glucanase are obtained on elutron with M acetate, z e , in Fractron Es 
Ion-exchange chromatography of 2 g of Fraction E1 resulted m complete separation 
of the two endo-p-D-glucanases The use of larger amounts (10 g) of starting matenal 
resulted m contaminatron of Fractron E6 with small proportions of endo-(1-,3)-&D- 
ghmana.se It has been estrmated that the present procedure yrelds ca. 300 mg of 
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Salt gnidrek O-l M NaCl , pH gmdient , pH 8-3 

10 20 30 40 50 60 70 60 SO 100 110 120 130 140 

Fraction No Fraction No. 

Fig 1 Fract~onatron of a malted-barley extract on DEAE-celIulose (a) protem, CeUobnse, 
o-o, @I lammaxmase, 0--g, endo-barley-&D-glucanase, A-A The heavyG&otes those 
fractions that were combmed for CM-celluiose fractionation 

12 

10 

02 

C 

I Q02- 05 M acetate 05-i0k.1 acetate 

Fraction No 

Fig 2. CM-cellulose chromatography of combmed fractions km a column of DEAE-ceUulose 
proteln, -, emlo-(1+3)-@-glucanase, b-8; endo-barley-&D-glucanase, A-A 
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putied endo-(l+3)-B-D-giucanase per kg of barley flour, compared with 100 mg/kg 
obtamed by gel titration’ 

Properties of endo-barley-/3-D-ghcanase. - (a) Enzyme purzjication The enzyme 
was prepared by the batchwrse ion-exchange method, &al punficahon being achieved 

by gel filtration on BlogeI P-30. Ag 3 shows the elution pattern of the purified enzyme 
on Blogel P-30 The enzyme solution was concentrated by UltrafIltration on a D&lo 
PM-10 membrane to Bve a stock solution of 2 8 mg of protemfti, tls represented 
a 105-fold mcrease m spec& actlvrty relative to the imt& extract 

!$ 04- 
z-. e 
3’ 
;: 03- 

ii 
2 
6 02- 

b 
-k 
g 0’ 

!z 
r 0) ?i 0 
a’ 

10 20 30 - 
40 50 60 70 

Fraction No 

Fig 3 Foal pur&icaUon of endo-barley-8-D-glucanase on Blogel P-30, column size, 80 X 3 5 cm, 
4-ml frxtions were collected Dlstnbutlon of protem, -, actmty towards hchenm, A-A 

(5) Effect of dzgest pH and temperatzzre The enzyme showed an optimum pH 
of 4 8, using 0 0% citrate-phosphate buffers At pH 4 8, the optimum assay tem- 
peratxre (l-h digest time) was 39” 

(c) Efict of metal zons A 5-fold tiution of the enzyme solution was pre- 
Incubated m a 1 1 nuxture with LZ~M solutions of various metal rons for 30 mm at 
25”. Samples (0 2 ml) of each mixture were then Incorporated mto standard cfigests 
With the followmg metal eons, the actlvlty relative to a control ranged from 101 to 
106% Ca2*, Ba2+, Mg2+, ZnZf, ST’+, Co’+, and Mn” We conclude that the 
vanous metal Ions have little or no effect on the endo-barley-B-D-glucananase activity, 
111 contrast to the endo-(1 +3)-#I-D-glucanase which IS activated to a slgmficant extent 
by some ions1 

(d) E&ct ofbouzne serum ahmzn (B&i) BSA (50-500 pg) was added to stan- 
dard digests contalmng a lo-fold Uution of enzyme solution With 500 pg of BSA, 
a 5% mcrease m activity was observed The stlmulatlon of the endo-barley-j&D- 
glucanase by BSA IS therefore much smaller than that of the endo-(1 -+3)-@-D- 
glucanasel 
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(e) Speczjkity The purified enzyme had no actrvrty towards lammarm (reducmg- 
power assay) or CM-pachyman and CM-cellulose (vrscometnc assay) Its actron on 
hchenin and barley /SD-glucan was tested by mcubatmg 0 1 ml of enzyme solutron 
with 2 5 mg of substrate ~~10.4 ml of 0 02M acetate buffer (pH 4 8) for 24 h at 37’ 

The major product obtained from both substrates was a tnsacchande, identied as 
3-@&celIobiosyl-D-glucose from the moblhty of an authentrc sample on paper and 
from its electrophoretrc mobility on paper (0 05~ sodmm borate buffer, pH 10; 
10 V/cm for 1 h) Traces of a higher ohgosacchande (tentatrvely rdentrfied as a tetra- 
sacchande) were also observed (paper chromatography) III digests 

cf) Inhzbztron of endo-barley-/?-D-glucanase The effect of various mhrbltors was 
examined usmg the same expenmental comhtrons as those described for the mhrbrtxon 
of malted-barley endo-(1 +3)-B-D-glucanase ’ The reductometrrc assay method wrth 
lichenm as substrate was used, except for the N-bromosuccmunrde reaction, where 
the vrscometnc-assay procedure with barley /I-D-glucan was employed. A 1 5 drlutron 
of the stock enzyme solutron was used in a pre-mcubatron mrxture of equal vohumes 
of enzyme and mhrbrtor solutron For reaction wrth N-bromosuccmirmde and 2- 
hydroxy-5-mtrobenzyl bromrde, the drlutrons of the stock enzyme solutron were 
1 10 and 1 2, respectrvely The results of the mhrbrtor tests are shown m Table II 

TABLE II 

INfWll-ION OF ENDO-BARLEY+D-GLUCANAsE 

Inhrbrror Cone m nuxrure Inhrbulon (%) 
wzih enzyme (mhQ” 

Cyanate 10n 200 14 
Iodoacetate ion 10 41 
Mercun-p-carboxyphenyl chlonde 02 30 
Mercun-phenyl mtrate 2 98 
N-Bromosuccmunide 5 99 
N-Acetyhmidazole 92b 86 
2-Hydroxy-5-nxtiobenzyl brormde 10= 96 

“Premcubabon time of 30 mm unless otherurlse stated No mhlbltlon was observed with the following 
compounds o-glucono-l,5-lactone (IOmhr), EDTA @On@, and N-etoylmalenmde (mh%) *Premcuba- 
non We, 1 h cPremcubation tune, 2 h 

(g) Actzon on dyed barley-#?-D-glucan Barley /?-D-glucan was dyed wrth Reactone 
Red 2B [kmdly provided by Cuba-Geigy (U K ) Ltd , Manchester] by the method of 
Zrttmg and Lmko . lo The glucan (IO g) m 200 ml of M sodmm hydroxrde was strrred 
with 2 g of dye for 18 h at room temperature The solution was then acldlfied ~th 
3~ hydrochlonc acrd, and the dyed giucan was precipitated by the addition of an 
equal volume of ethanol The precipitate was repeatedly dissolved m hot water and 
then reprecipltated with ethanol, until the supematant solution was colourless 

Digests were prepared contaming 0 5 ml of dyed fl-D-glucan (0 5%), 0 3 ml of 
sodmm acetate buffer (0 lo, pH 4 S), and 0 2 ml of a 1 10 d&&on of stock enzyme 
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solution, and mcuba’&l at 37” At intervals, 2 ml of me-cold ethanol was added to 
the Individual digests, which were then cooled at 0” for 10 mm before centnfugation 
The extmctton at 500 nm of the supematant solutions was then measured agamst a 
control which contamed distilled water m place of enzyme The results are shown m 
F:g 4 

Turn= (mrd 

Fig 4 Rate of release of dye from barley j-D-glucan, dyed wth Reactone Red 2B, by the punfied 
endo-barley+D-glucanase 

DISCUSSION 

Ion-exchange chromatography provides a convenient method for the purmca- 
tion of the endo-(1 +3)-j-&D-glucanase and endo-barley-@-D-glucanase from malted 
barley Fractionation of extracts of malted barley on DEAE-cellulose at pH 8 0 
resulted m the separation of a large proportton of extraneous protem from these 
enzymes, and also m the separation of the two j?-n-glucosldases present Complete 
separation of the two endo+-D-gkanases was effected by chromatography on CM- 
cellulose, the endo-barley-#I-D-glucanase bemg strongly bound to this support A 
batchwrse, ion-exchange procedure can be used as a raptd method for the separation 
and pat&al punflcatron of endo-(1 43)~/I-n-glucanase and endo-barley-/I-D&case, 
from relatively large amounts of startmg material, final punfication then bemg 
achieved by gel tYtration In addition to the srmplrcrty of this batch procedure, there 
was a three-fold mcrease m yield (mg of pm-&d enzyme/kg of malt flour) of endo- 
(l-+3)-/I-~glucanase compared with the gel-Gltration method’ 

The present experunents have confirmed previous observations1*2 on the 
number and nature of the endo-/3-D-glucanases and j?-D-glucosidases present m 
extracts of kdned malt Only a single peak of endo-barley-8_D_glucanase activity 
has been observed, whereas Luchsmger et al ’ obtamed evidence for the presence of 
two endo-barley-/3-D-glucanases m extracts from unlulned malt As one of these 
enzymes was reported to be heat-Iablieg, xt is probable that this activity is either 
destroyed durmg the ktlmng process, or IS converted into the heat-stable form, and 
is thus not observed m samples of ktlned malt 
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The endo-barley-P-D-glucanase purified by ronexchange chromatography was 
free from any contarmnatmg carbohydrase actrvrtres The enzyme had a pH optimum 
m the regron of pH 4 8 and an optrmum assay temperature of 39” These propertres 
are smular to those of the endo-(1 +3)-/i-g-D-glucanase’ However, the two enzymes 
drRer m that the endo-barley-J?-D-glucanase IS not srgmlicantly strmulated by metal 
ions or by BSA 

Substrates contarmng only (133)- or only (1+4)-#i-D-glucosrdrc lmkages 
were not attacked by the punfied endo-barley-B-D-glucanase, whereas /I-D-glucans 
containing both types of lmkage were attacked Since the major product was the 
tnsacchande 3-O-P-cellobrosyl-D-glucose, and both lichenin and barley p-D-glucan 

contam - 70% of (l-4)- and - 30% of (1 -t3)-lmkages, rt follows that enzyme action 
mvolves the hydrolysis of (1+4)-/?-D-glucosldrc linkages The endo-barley-/?-D- 
glucanase thus has a specrficity similar to that of an enzyme from Bacrllus subtdd I, 
and belongs to the group EC 3 2 1 73 1 ’ Thrs group differs from other /3-D-glucanases 
(e g , from Rhrzo~us arrhms) wluch act on barley B-D-glucan, but also on lammann 
and belong to the group EC 3 2 16’ 2 

Although Zrttmg and Lmkol’ ongmally showed that a malt extract would 
release dye from dyed B-D-glucan, the results m Fr g 4 appear to be the first demonstra- 
tion of a h&y pun6ed endo-barley-b-D-glucanase attackmg tins substrate As tins 
method 1s relatrvely sensrtrve, It mrght prove a convement means of assaymg crude 
extracts of malted cereals for endo-barley-B-D-glucanase achvrty, provided that the 
P-D-glucosrdases have no slgmficant effect on the dyed p-D-glucan, both m the presence 
and absence of endo-actmg enzymes 

The results of mhrbrtor tests (Table II) provrde further mformatron on the 
actrvrty of the enzyme and suggest the rdentlty of ammo acrd residues wluch may be 
essential for achvrty D-Glucono-1,5-lactone, wluch IS a compehhve mhrbrtor of 
/?-D-glucosrdases’ 3, drd not mhrbrt the enzyme There was also no mhrbrtron by 
EDTA, suggesting that metal ions are not required for actrvrty Inhrbrhon by mercun- 
p-carboxyphenyl chlonde and mercun-phenyl nitrate mrght mdrcate that throl groups 
are reqmred for actrvrty, although iV-ethylmalermlde was not an mhrbrtor The effects 
of mercun-phenyl mtrate must be interpreted wrth care, as It reacts with groups other 
than throls m cr-amylase14 and catalase15 Although Luchsmgerr6 observed that a 
heat-stable endo-barley-fi-D-glucase was rapidly mactrvated m the absence of 
glutathrone and cysteme, 67% of the endo-barley-B-D-glucanase actrvrty was recovered 
durmg the batchwrse Ion-exchange method wrthout the use of these reagents Inhrbr- 
hon by cyanate’ ’ and rodoacetate may not be dragnostrc of a partrcular ammo acrd 
residue, however, It IS mterestmg to note that malted-barley endo-(l+3)-/i-D- 
glucanase IS mhrbrted to a smnlar extent by these reagents The possrbrhty that 
tryptophan residues are required for actrvlty IS shown by the n&bltlon by 2-hydroxy- 
5-mtrobenzyl brormde” and N-bromosuccimmrdelg Tnlubltron by N-acetylmn- 
dazole2’ may mdrcate a requu-ement for tyrosme. Smrrlarities between the mhrbrhon 
of the endo-barley-p-D-glucanase and the endo-(1 +3)-/I-D-glucanase’ from malted 
barley are therefore apparent It IS thus possrble that these enzymes, although actmg 
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on merent substrates, may possess common features at their active centres, with 
sirmlar residues partxlpatmg m both substrate bmdmg and catalysis 
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