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.‘The extracellular - 3)—B—D—glucanase [('s: 3)—ﬂ-D~glucan ‘glucanohydrolase; -
EC 3.2.1.6] produced by hazopus arrhzzus QM 1032 was punﬁed 305+fold-in 70 /
overall yield. ‘This preparation was found to be: homogeneous by ultraoentnfugatlon
(sedlmentatlon velocity and- eqmlnbnum studies),: electrophoresrs'on acrylamlde -gel -
with normal; sodium-dodecyl: sulfate, and ufea-acetic-acid:gels,. and ‘upon; ‘isoelectric -
focusmg The amino-acid- composxtxon of -the: enzyme- has been: determmed ‘and it K

‘possesses a carbohydrate moiety- composed of. mannose and’ galactose (in the Tatio.”
_~35:1) that is linked to the protein through a 2-acetam1do-2—deoxyglucose resxdue

"The molecular weight, as determined by equilibrium sedimentation,. is 28,800 and
.this number was confirmed by electrophoresrs on gels of sodxum dodecyl sulfate. The
- enzyme docs not possess-subunit structure. It hydrolyzes: its substrates.with refention
of configuration- and possesses transglycosylatmg abrhty.~The rates ‘of hydrolysis: of

a w:rde variety of substrates’ ‘were® determmed, and its ‘action > pattern on a series'of
ohgosaochandec conta.lmng miixed (1 = 3)-; (1.5 4)—J'and Aim 6)-,8-D-g1ucopyranosyl

_residites was’ mvestlgated ‘The enzyme favors stretches. of: ﬂ-D-(l =:3) lmkages, but"

4

-linkages’ involving sugars other than D-glucose

it canhydrolyze B-D-(1 —4) linKages that are flanked on the non—reducmg side with -
stretches of- B—D-(L—) -3) links: The enzyme: will not -act - on- (12> 6)-ﬁ-D-glucosy1
linkages Tocated in stretches of g-p-(1 = 3) and will not act on (1 - 3) ﬂ-D—glycosrdrc

" INTRODUCTION"

. The extracellular, endo-acting (1" = 3) ﬁ-D—glucanase [(l =7 ~3)-p-p-glucan -

‘glucanohydrolase, EC3, 2 1. 6] from Rluzopus arrhzzus QM 1032, ongma]ly d:scovered

by Reese and Mandels‘, is. of intérest becausg; of its use_in: the structural analysrs of

:polysaechandes -and because of. its- inusual ~action-pattern:’ “Perlin “and “lusfco-

‘Dedwated ‘to.Professor:Dexter French on’the occasion of his 60th* bitthday. The authors- thank :
h1m “for: h_xs contributxons, whxch have ‘been:of much‘helg to, everyonemtheﬁeld. Oqe o_t‘ ﬁi«i(D:R.C.)




‘crude preparatlons appear to’ spht certain (1. —> 4)-[)‘-
' »and barley glucans and in hchenan 'I‘here have been '

extensive, and more data are ngen on the purest preparahon, but
~ achieved purification to homogenéity is made; The punﬁcatlon scheme reported heref :
produces material of considerably higher specific activity, and in consxderably hlgher;
" yield, than any previously reported and the material produced is homogeneous, as
judged by a number of modern criteria. We have: 1nvest1gated the activity ‘of: thls :
highly purified enzyme on a number of polysacchandes and ohgosacchandes and,
in addition, have examined its action-pattern on:a number of ohgosacchandes.- -

It should be- noted that endo-(1 — 3)-ﬁ-D-glucanases have been’ isolated fromi
other organisms. Yamamoto and ‘Nagasaki, for instance,, have reoenﬂy 1solated
crystalline enzyme of this type from .Rhtzopus chinensis R-69 -whose propernes ‘are.
significantly different from those of the hazopus arrhizus ‘enzyme®, Moore and Stone -
have isolated an endo-(1 — 3)-8-D-glucanase from the h1gher plant Nxcotzana qutmosa
and compared it with the enzyme from Rhlzopus arrhzzus IR s

Purification of the glucanase. — The purification scheme was -designed -to -
handle 10-liter batches of culture filtrate produced in-a New: Brunsmck fermentor...
All workers who have. reported. purifications of" this glucanase have used:a culture
medium containing cellobiose, with the exception : ‘of Garcxa—Ballesta6 It-has- ‘been.
our experience ‘that, as claimed by Reese and Mandels1 the presence’ of celloblose .
_ in the medium is necessary for the productlon of hxgh enzyme—levels -We have carried
out extensive studJes on the factors. that- lead to mammum enzyme concentratxon m
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F’g l. Vananon of gluqmase actmty (.), reducmg suga.r (O),'and'pH (A) in the'culture Ti¢
. durmg growth of R]uzopus arrlxizus The culture condmons are ngen m the Experimental ‘s o
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- of res:dual celloblose (Fxg ) 63 o
b The procedure, as may be seen in Table I 1nvolves concentratlon and dmlysts,‘;_
: "_’fractlonauon with- a.mm 3 um. sulfate, a.nd column chromatography employmg CM:-
- cellulose ‘and Sephadex G-IOO The concentrat:on and dlalysxs is: performed w1thf‘ &
-an- Amxcon ultraﬁltratlon system equlpped thh a PM-IO membrane and is-an- lm-’ ‘-
V;"portant step in the procedure. It gives a quanntatnve recovery of the enzyme, _w;th a -
1. S-fold punﬁcatlon ‘that is. undoubtedly largely due to the removal of contammatmgf: -
: 1._protem existing as sin 1 ptides in the: cultute ﬁltrate ) , N
k “‘As may be seen in Table I, the method gives very high yxelds, and the resultmg' .
' matenal is very. pure, as wﬂl be’ seen. later. It can be used ‘-outlnely to produce 709 .
overall ylelds and ﬁnal speclﬁc actlvmes above 50 umts/mg of protem, with' more-/‘ x

P

ﬁltrate. S S
= Cnterza of punty — The enzyme produeed by tlns procedure was pure -as
judged by ultracentnfuge studxes (both- sedxmentauon velocxty and equilibnum'
studies). It was also homogeneous ‘with respect to electrophoresls on acrylamide . -
- gels, “with normal sodmm dodecyl sulfate : and urea»acetxc acid els, and upon iso-
'electncfocusmg ‘ : S : : o
= - Amino acid composmon. — 'I‘he ammo acld composm:. n of the enzyme is shown i
: "m TableII and presents | no unusual features: The quahty of this’ analys:s is mdxcated»
by the fact that the m1mmum molecular wexght calculated ftom the amxno acxdj :

g 7--3;_‘3';,1“",,0.' Total L R-“ R G AT i'otem . SFCC-
g muts/ml muts «; cavery .- Total:
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| TABLE | G

AMINO ACID COM'POS!TION“

_ Amino acid . : »Restdueslmal

Asx o 407 o

Asp S
" Asn

Thre ..~ . . A7

Ser _ . 240

Glx . 196

Glu .

Gln - o

Pro } : 16.9.

Gly o 399 : T

Ala - - 254 SRS RS X B
Cys/2 4.2¢° o 4QCys) ;... 14l
Val 15.3 15 - 7530 .
Met o 46e v 2R & ¢ AR
Tle- : 104 : 10 St AT 383 Lt
Len . 109 : 11 S 0389
Tyr ‘ 9.0 9 .. .318 [
Phe ’ ' 139 14 495 -

Lys 9.7 10 3.53

His oo .37 S 4 S T 141
Arg 9.0 . 38
Tp 50 o 5 177{'

aTotal residues: 283. Calculated mol.wt.: 29769. Calculated V. 0.710 cmslg, this is the partxal specrﬁc
volume used in the calculation of the sedimentation-equilibrium value for mol. wt..?Asn‘and Gin
are arbitrary assignments for purposes of V calculation. -<Cys/2.and. Met results. from peroxyfomc
acxd-oxxdlzed sample; determmed as cystelc acld and methxomne sulfone, r&spectwely. - .

composition is in very good agreement with that determined. by equilibrium sedi-
mentation, and the E28° calculated from the tyrosine and tryptophan‘ analysee, using
_the molar absorptwrty of 1197 for tyrosine'® and 5559 for tryptophan'?, is in remark:
able agreement with the observed value (calculated 12.96, observed 12.98 ‘cm~1), As,
the enzyme gives no. detectable reaction ‘with Ellman’s reagent, it may be assumed
that the four cysteine residues exist in the form of two cystme components and that the.
enzyme possesses no free sulfhydryl groups." : R
‘Molecular-weight determinations. — Molecular Wexghts were. determmed by
using ethbnum sedlmentatxon by the thantls techmquen, electrophor&rs n
sodium dodecyi sulfate gels, and gel-permeatron chromatography on Sephadex G-100.
Equilibrium sedimentation gave a value of. 28,800, sodmm dodecyl sulfa;
electrophoresrs 32,100, and gel’ permeatron 42, 700 The sodlum dodec sulfate’ gel
electrophorems was conducted at 7.5, 10,:and 12.5 / gel concentratlon s
was no-effect on the apparent molecular wexght, mdlcatmg that thef carbohydrate.‘
moiety on the enzyme (to be dlscussed later) dxd not. interf w:_th ‘the
3sodmm dodecyl sulfate. If sodmm dodecyl sulfate gel electrophoresrsvwas__i_on_»__:__'




techmquec -is sensmve to molecular shape :leen ‘the hmxtat:ons »of vthe techmque, ;
the molecular welght by sodlum dodecyl sulfate gel is in- satlsfactory ‘agreement
: w1th that determmed by equlh'brmm sedlmentatlon, and thlS value'is in. remarkably:
- good agreement with that determined from the amino acid- analysm. e s '
. Carbohydrate mozety. = Analysxs of the glucanase preparatlon for carbohydrate_: :
by the phenol-sulfuric acid procedure'? gave a value of 3.9 Yor expressed as- glucose. ;
~2-Ammo-2-deoxyglucose was one of . the components appeanng An- the amino ‘acid
1analysrs amountmg t0:0.82- mol ‘per mol of . cnzym ' Thus, each enzyme molecule
.contains' a single” 2-ammo—2-deoxvglucose reexdue and 1t 'would appear, from our
'present knowledge of glycoprotem structure, that this. residue is N-acetylated in the
native: ‘enzyme'and ‘is the point .of attachment -of the - ‘neutral’ carbohydrate to-be
discussed.later'3 Investlgatron of the monosacchandes occurring in an acid hydro-
lyzate of the enzyme, by. thin-layer- chromatography on kxeselguhr ‘showed -the
oocurrence -of a.small proportion of galactose and‘a con51derab1y larger, proportxon
of mannose. Rough quantitation of the amounts -of: these. two monosacchandes by
comparison of intensity of the spots compared with those of standards; showed that
the: molar ratio-of mannose: galactose was5: 1. .One six-unit ohgosacchande chain
per enzyme- ‘molecule. would ‘give a neutral-sugar analysrs of 3.4%.:If the neutral
carbohydrate analysxs _]llSt given, which was based on a glucose: standard is corrected"'
for the 5:1 mannose-galactose ratio, using the correction. factors ‘of DuBois et al.12;
‘the corrected value is 3.3 %, which is in good- agreement Wlth that expected ﬁ'om a'g
'sxx-umt chain’ of neutral-sugar. resndues LT
' - Other properties of the enzyme. — — The. Ez value for: the enzyme is 12; 48 cm
and when this is corrected for the. carbohydrate content,’ ‘the .valué is 12.98 cm~
for the protein portion alone. The isoelectric' point of" the enzyme -as’ determmed by
1soelectnc focusing, is.7.5; and the 1soromc“* pH is 7.35. The Arrhemus actlvatlon- )
energy for the hydrolysxs of lammaran by the- enzymc ‘was found: to be- 11 800 cal
‘mol 7, The effect of temperature on the kinetic parameterK (the Mlchaehs constant).
:was determmed and it-wasfound to be: insensitive to temperature over the: Tange
: 10-37° and to have the: value of 0. 314 mg/ml ThlS would suggest that, at temperatures‘ '
'-:ncar the freezmg point, it might be poss1ble to carry out expenmcnts on'the: enzyme—
-substratc complex with little or. no mterference from snbstrate turnover. R
, Stereochemtstry of the hya'rolyszs A The stereochemxstry of": the cnzymlc .
| hydrolysxs was’ determmed ‘by. momtonng the mutarotation of the hydrolysrs products.
'After?:th nitial time’: reqmred for. completion.-of: the’ enzymic: hydrolysrs (5 min.
un e‘conditions chosen), the rate of change of: opncal rotation with time fo]lowed:
\fprecxsely the‘krnetxcs expected of a mutarotatlon process %5 and as the observed change =
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Fig. 2. Effect of pH on the rate-of action and stability of the enzyme. Solid symbols, 0.25 'mg]tnl‘
gelating open symbols, no gelatin. (@, O) Activity; (A,A) stability-on exposure to various pH con-
ditions for 5 min, which c_ormsponds to 'the_incubatioq time used in the pH—rate stpdy. )

in rotatlon ‘was upward the hydrolytv‘ mechamsm proceeds thh retentxon of con-
figuration. :

. The dependence of enzyme actxvtty and stabzlzty on pH. — Reese a.nd Mandels,
in their original report on this enzyme!, stated that its pH optimum was 4.8, and it
has been usual to conduct assays at this pH, as was'done in the present work. Both
Garcia-Ballesta® and Marshall® have observed a-shift in the pH. optimumi.of  the
enzyme to lower values in the presence of an extraneous protein added to stabilize
the enzyme. We have studied the effect of the addxtxon of gelatin on the pH optimum
and pH stability of the enzyme at constant xomc strength of thc buﬁ'er. The mults.
of these experiments are shown in Fig. 2. . :

Demonstration of transglycosylase activity. — It would appear ﬁ'om the lxtcrature
that only configuration-retaining, glycoside hydrolass catalyzz transglycosylauon‘
reactions. As one of the major importances of the present enzymexs its use in structural
studies on polysaccharides, it was obviously important to detcmunc -whether the
enzyme can bring about transglycosylation. This- would lead to érroneous- inter<
pretation of structure, if it were significant and if it were ignored. We have investigated
the products formed by the enzyme when it acts on all members-of the homologous
series from laminarabiose to laminaraheptaose. These resuits show that, when the
enzyme acts on laminarapentaose it produces, in addition to the expected _products
of lower molecular weight, oligosaccharides that appear upon paper chromatography .
in the positions for hexa- and hepta-saccharides, v ith possxbly some octa- and nona-
saccharide as well. The linkage nature of these ‘high ohgosaocharxdes, ‘which are
clearly the result .of- transglycosylatxon reactlons, w 1nv&stxgated by subnuttmg: '
them to the action of the-exo-(1 ~ 3)-D-glucanase: fro': 'the. Basndlomycete QM 806.
“This enzymes speclﬁcxty has ‘been. carefnlly mvcstlgaf_ 16 and:. t_xs'lknown that:it -

1€ excepuon:
: ofthe p-n-(l — 6)type wlnch are by-passed rcsultmgmth. producnonof genuablosei:*




“ GLUCANASE FROM: Rhizopus arrhizus QM:1032 -0 25000 00 i o o 0070463

&5 Y Rhtzopus

Soluble lammatan (L cloustom) | B 51000 o
‘_Insoluble laminaran (L. claustom) L 9%

L. digitata Jamanaran- . SO -

' Ecklonia laminaran . B - 76

. Sclerotium rolfsii glucan = ‘ ' 65

Barleyﬁ-n—glucan N oL 400

coatgpglucan T 7 o T T T 4280
Yeast. p-glucan .. R s e 108
Lamma:a.hepta\tol _ e T2
" Laminardhexaitol - : o U s60

- Laminarapentaitol -. = . : . L 405
Lamiparatetraitol. =~ . .. = .. . - .. 111,
Laminaratriitol,| = ,:. - .3
Laminarabiitol - ' B ' IR ¥ A
M—ﬁ-wnmarablosyl‘b-gluatol "f. T 22 e
M—ﬁ-lammammosyl-n-glucatol L 88
M—&Lmnmamteh‘acsyl-n—gluatol [ .1 306
M-B-ummmpentaosyl-o-gluclto! o 536
Moﬁol.ammarabtosyl-p-gluutol IR [ SR
6-O-p-Laminaratriosyl-p-glucitol .. - . ~ .. - . 83 - .
6-O-B-Laminaratetraosyl-p-glucitol ... 280

.‘GO-ﬁ-lamxmpentaosyl-n-glmtol S 492”

"On the ratc scale’ uscd the following substancs gave ‘zero rate of reactxon 3-O-ﬁ-cellotnosyl-,
p-glucitol, cellobiitol, gentiobiitol, 3-0-f-p-galactosyl-p-glucitol, 6-0-8-p-galactosyl-p-glucitol, corn -
amylose, corn ‘amylopectin, pustulan, crown-gall . polysaccharide, cello-oligosaccharides, clam .
glycogen, alflmr glycogm, yeast mannan, nigeran, chondroitin sulfate, rhamnognlactan sugar
. beet arabmn guar gum !ocustgum, (l - 4)-ﬁ-n-xylan, and (l - 3)-ﬁ-n-xy]an.

v from th:s structural featurc It is evxdent that if the lugher ohgosacchandw produoed
by the endo—glueanase as the resuit of transglycosylation are entirely f-D=(1-— 3)-
" linked, then the. Basxdxomycetz enzyme- should produce only: D-glucose and- lamin-
" arabiose. when itactsupon them. On the other-hand, fhnkag&s ather than ﬁ-D-(l —3)
‘are present, othcr ohgosaochands ‘will ‘be- pment in-the mixture.. The xmxture of
- hxgher obgosacchands multmg from the action of the endo-glucanase on'laminara-
- pentaose: was subnutted to-the action of the: Basxdmmycete glucanase, and D—glucose
. and: lammarabxose ‘were the only ptoducts observed This’ 1nd1catm that the lmkag& '
- produced by the: transglycosylahon process are all B—D—(l - 3) R
. :;iRelative rates. of hydrolys:s of poly- and aItgo-sacckandar. - »The relatlve rat&s ;
- of hydmlysns ‘of a broad r range of egcos1d1cal!y linked materials alje givénin Table .
- These: data 'are of obwous mter&st m _connectxon .w:th possxbl' s&ucmral studxes. B
"’ ' gaini eheral knowledgef-"

*of its action p pattem



'Asenes of. ohgosaechandes of - known structure Moles of each of the hydrolysrsf
- products, and that.of the-starting matenal were obtamed by quantntatlve paper-_'
chromatographrc anpalysis.. Such data allow a number of sxgmﬁcant conclusions to
be drawn concerning the mode of actron of the enzyme upou the substrate These datar

are given in Table IV,

DISCUSSION

The purification proeedure descnbed here gives enzyme in consxderably h:gher

vield and of considerably greater. specific activity than the purification - schemes
previously described in the literature®-8. In addition, we present extensive. data on
purity, which establish that the product of the final step in the procedure is homogene—
' ous. This material is eminently suitable for use in structural studies on: poly— and
oligo-saccharides and for studies on the mechanism of actxon of the enzyme, and
the procedure lends itself to the production of enzyme on a large scale smtable for
structural studies on the enzyme itself (amino acxd sequence, and soon). "

In our hands, the properties  of the enzyme are essentlally xdentxcal tor those
observed by other workers, with one notable exception. Garcza-Ballesta reported a
molecular weight in excess of 100,000 as judged by gel—ﬁltratxon on Sephadex G-200.
Marshall gave a molecular weight of 10,200 from gel filtration® on Bio-gel P-60.
We report here a molecular weight of 28,800 on the basis of equxhbnum—eentnfuga-
tion studies. We have confirmed the molecular weight of our preparation by sodium
dodecyl sulfate gel-electrophoresis and by gel filtration. ‘These differences are puzzlmg
It should be observed that the preparation reported by Garcia-Ballesta is much less -
pure than either that of Marshall or that described here, as judged by speclﬁc actmty '
The preparation of Garcla-Ballesta hasa specxﬁc actnvxty of 1.4 1U/mg, whereas that
of Marshall is 106 and ours 565. We have investigated the possibility that the molec-
ular weight of this extracellular enzyme could. vary with- different isolates of the
organism. All of ‘our work on the development of the isolation procedure was
performed on isolates from a culture provided by. Dr‘ Reese:fourteen . years ago.
However, we have investigated enzyme produced by a culture of R]n‘-’opus arrhizus -
QM 1032 provided in 1974 by Dr. E. G. Simmons, Dept. of Botany, Unuersrty of
Massachusetts, and have obtained material having ‘molecular welght identical to
that reported here. It is possible that the Marshall preparation ‘was; the result of the -
action of proteolytic.enzymes in the culture medrum, Jbut: we-are not aware- -of acase F
of a decrease of over 50% in the’ molecular wexght of an enzyme: wnthout drastic
action on:its catalytic activity. In very extensrve work on this enzyme over a perxod
of more than ten years, . we have never observed vanatron, from the. grve v
weight, that was beyond. expenmental error -Another, possxble explanatxon for thjs'_
discrepancy: is that the enzyme ‘possesses. subumt structure; and;that Marshall 'was. -
dea.lmg w1th the monomer whereas we are- dealmg wrth a. trrme ' ;However, we. ha.ve -

olecular o



mechamsm. It is. common to ﬁnd comparable amounts of carbohydrate in; many
protems secreted by mlcroorgamsms, ‘and the’ chenucal composxtxon in the precent]
" example is typical. e : : : » R
Cile Cataiysrs Wlthout mversron is a srgmﬁcant aspect of the enzyme S mecha sm
‘ and mdrcatec ‘that it acts by a -double’ displacement or by some other mode that
' preservec conﬁguratron, such as: that proposed by Thoma et alt’?; . Thus. this: enzyme
" is added to the list of endo-attackmg enzymes that hydrolyze w1th retention of con-
| ﬁguratxon. Insofar as we can deternune, there i is no known case of such an enzyme
that hydrolyzes with i inversion.. The demonstrat:on that ‘the enzyme has sngmﬁcant_i
transglycosylase activity is consistent with the foregoxng The mechamsm proposed :
by Thoma et al.}” has two salient features, a relatrvely long’ transmon~state lifetime
and compuisory departure of the aglycon from the enzyme surface pnor to resolution -
of: the transition state. Both of these condltxons would be expected to favor trans—
glycosylatxon
" The data on the relatlve rates of hydrolysxs glven in Table III expose some
features of the enzyme’s action. It plainly shows a preference for stretches of f-(1 - 3)—j
linked p-glucosyl residues. The rate of action on reduced lammara-ohgosacchandes
increases almost linearly over the- range 4-7 residues and reaches 70% of that for
soluble !anunaran at- lammaraheptaxtol The introduction of B-p-(1 = 4) hnkages
into the chain decreases the rate (oat and barley. glucan) ‘but these compounds are’
still good substrates. Perlin®~%: ‘and his associates have produced evidence that -
crude preparations of Rhizopus. enzyme are .capable. of ‘hydrolyzing B-p-(1 — 4)
linkages in oat and barley glucan, and we show here that our hxghly punﬁed prepara—_
tion hydrolyzes f-p-(1 — 4) Imkages in ohoosaochandes of known structure- (see
later) The introduction of f-p-(1 — 6) lmkages (Eckloma laminaran, yeast glucan,
ScIerotxum rolfsii glucan), however, markcdly slows the action ‘of the enzyme, in-
.dxcatlng, possrbly, that the enzyme cannot attack the ﬁ-D-(l — 6) linkages mterspersed ‘
‘among B-p-(1 —-3) hnkages Furt.hermore, the presence of B-D-(1 — 6) linkages may-.
--stencally hinder action of the enzyme on nearby ﬁ-D-(l —3) lxnkages. v
LA surpnsmg amount of mformanon concerning the ‘patternof. attack of the '
.Rluzopus enzyme may be obtained by quantxtatron of the hydrolysxs products produced _
) from ohgosacchandes of known' structure. Data bearmg on thls point are presented
i m Table IV.;As an example, consndermg the. structure of Iammaratetraose :
E B-D-Glc-(l - 3)-ﬁ-D-Glc-(l e 3)-ﬂ-D Glc—(l - 3)-D Glc S

g there are: obvrously three possrble’pomts of hydrolytlc attack a, b and c. If the sole :
'jpom_t of vattack “were. at point: b; then. ‘this: would: be’ 1mmed1ately evident from the
'-analys ’_of the products whxch would consxst only of lammarabxose, and 1f no glucose-.;




TABLEIV-

ACTION PATIERN OF Rhizopus arrhizus eNpo-(1 ,->‘__3)-ﬂ-pfcxf'ucAz_§Ass S

Substrates . -Relative [E} Products -~ . .- Mol
Laminaratetracse - -1 p-Glucose - -
. La.nnnarabxose "60.¢
, , -, Laminaratriose. 18.9
42-0-f-Laminarabijosyl-faminarabiose 2 * p-Glucose . - - 13.3-
S - Laminarabiose ST - 824
. , . S Branched tnsaochand&s i 43
4-0-f-Laminarabiosyl-p-glucose 5 .. D-Glucose | - - . 256
. ‘ 'Laminarabiose 248
‘Cellobiose = - 2.4
o : Starting material > . T 412
4-0-f-Laminaratriosyl-p-glucose 2 p-Glucose . 40.2
Laminarabiose 340
: Cellobiose - '25.8
4-0-f-Laminaratetraosyl-p-glucose 1- p-Glucose . 70
o . Laminarabiose 18.0..
Cellobiose ) ' 304
Laminaratriose ~ - 31.4
: 4-0-ﬁ-Lanunarabmsyl-D-glucose.r- ~13.2
4-0-f-Laminarapentaosyl-p-glucose 1f D-Glucose o131
Laminarabiose - 228
Cellobiose L 91
, - Laminaratriose : - v 7320
) : . ' 4-0-ﬁ-1amma.rabxosyl-n—glucose ... 23.0
6-0-f-Laminarabiosyl-D-glucose 5 D-Glucose . -~ 214
. : Laminarabiose’ e 23
. Gentiobiose - Lo LT 223
. . Starting material. . - 540 -
6-0-g-Laminaratriosyl-b-glucose 2 p-Glucose 86
’ Laminarabiose . -390 °
- .- Gentiobiose . L 49,00
6-O-ﬂ-I.ammarabxosyl-D-gluc05e o250
, : Sta.rtmgmatena.l 09
6-0-f-Laminaratetraosyl-p-glucose - 1 " : piGlucose 5.8
. . . .La.mma.rabxose . 25.5
. Gentiobiose 213
Lammaratnose : 1282
B 6—O-ﬂ-l_ammarabxosyl-n-glucosei - 19.2.
6-0-B-Laminarapentaosyl-D-glucose .= 1 - - p-Gliacose .
: . - 'Lammamblose
" ! Gentiobiose
‘Laminaratriose -

- 6-O-ﬁ-I,ammarablosyl-D-glucose




;‘-(I‘able IV) the mol‘y of: products found Was: glucose, -::21 7 lammarabxose, 604
-and lammaratnose, 18.9. Half of the dxﬁ‘erenoe between the glucose andlaminaratriose
ﬁguree must repreeent the lammaratnose that-was: further degraded to glucose and
~larmnarablose by secondary attack, and this allows a551gnment of reasonably accurate -
-values-to the different- points’ of attack Thus, 59 7 of. the pnmary attack is at. pomtj
““p* and 419 at-points “a” and e combmed. Further, it may- be asserted that
secondary attack-on -the. hydrolysns products is relauvely ummportant. When' ‘these -
~data: are: combmed w1th the rate data in Table: III which . 1ndlcate that the enzyme
_ 'requu'ee a stretch of; three B—D-(l = 3)-lmked resldues before itcan achieve reasonable
‘rates of attack,.then the tentative conclusmn may be reachcd that the pnmary attack :
s actually 59% at. “p*-and 41 7% at “c”o
“/This type. of analysxs becomes partxcularly mterestmg in the case of* the ohgo-f
saocharldes havmg mixed lmkages There can'be no doubt that'i m ‘the case-of 4*- -0O--
»~lammarabxosyl-lammarablose* that the major point- of. pnmary attack and, in fact
- the major attack; is at- the ﬂ-D-(l —4). lmkage Perlin and his’ assoc;atee3 —5 have
‘ shown that crude enzyme in the form of culture’ ﬁltrates attacks f-D-(1-—:4) linkages
in oat and barley glucans: and'in lichenan. Itis: ev1dent from the foregomg observatlon
. that- h1gh1y purified enzyme will do the same-and,-at least in some structures; the
B-p-(1-— 4) linkage is favored over the ﬂ-D-(l 3-3). In: the case of 4-0-,8-1am1n-_"
'arablosyl-D-glucose, itis ev1dent that the B—D-(l -.4) hnkage 1is Stlll ‘the favored point
of attack, although the actlon of' the’ enzyme on this material is sluggxsh .as'it takes
five times’the concentration of enzyme to obtain, ‘feasonable- amounts .of hydrolysis -
product ‘and - about *50% .of - the: starting material’ is fecoveréd’ unaltered. ‘As’ the '
number of A= 3) ,B-D-glucosyl ‘Tesidues- toward the non—reducmg 'side-of the f-D-
(l —.4) bond increases, the rate of enzyme actlon increases’ and ﬂ—D—(l —'3) bonds
again: become the favored point.of attack. ‘The: enzyme s actlon ‘toward ollgosaccha-'
_rides: havmg ﬁ-D-(l 2'6) linkages is. also 1nterestmg Itis evxdent ‘that, in"the case of-
'16-O-B-lamrnarabxosyl-D-glucose, the’ enzyme has:: a very low rate: of" attack’ and ‘the )
“close’ orrespondence between’ the amount of* D-glucose and’ gentloblose produced, .
,leave To: -doubt that the favored pomt of attack i is:the ﬂ-D-(l +.3) lmkage It would
;appear from the small- amount of: lanunarabxose produced that the: enzyme has a‘,
. very llmxted ablhty to’ attack ﬁ-D-(l —:6)" lmkages However, as we ‘shall’ pomt ‘out.
"later, we. consrder that the: enzyme s'mcapable of- attackmg these hnkages -and. that -
‘the. productlon of lammarablose i$ dué to'its transglycosylating ability that h already ’

- Whela (sée ref. 40).




' B-pD-glucans is .a: ﬂexxble hehx whereas that of (1 — 4)-ﬂ-D-glucan
ribbon%. It:is evident from an mspectwn of. the perspectlve drangs in he Reese:'
and Scott paper'®, that the insertion of a f-(1 -5 4)-linked D-glucose: residne. in a
(1 - 3)-B-p-glucan chain does not seriously- dxsrupt the ﬂemble hehx ‘but: that: thé
similar insertion of a #:(1 —>-6)-linked D-glucosyl. re51due doec. The sntuatlon for.-
B-D-(1 — :3)-linked and mixed B-p-(1 — 3)- and B-p-(1:— 4)-]1nked matenal is: not' ’
unlike that shown in Fig. 3, but the reader should. consult the’ perspectxve drawmgs -
in the Recse and Scott paper for a completely accurate presentatlon of: the con-
formations'®. In any event, the data presented in this paper mdlcate that the active
site of the Rhizopus enzyme is analogous to that of lysozyme!? in that it contains a_
" number of binding sites designed to fit the glucosyl residues:in the f-p-(1'— 3)-
flexible helix and these binding sites extend on-both sides of: ‘the locatxon of the -
catalytic mechanism. It would appear that those on thé non-reducmg termmal side
of the catalytic site exert most control over- specificity, but those on the nght also
have an effect, as the enzyme has a slow but readily measurable- -action. on lamin--
arabiose and laminarabiitol, but no action whatever on cellobiose; cellobntol ‘gentio-
biose, and gentobiitol. Perlin and his associates®™ % have postulated that the enzyme
is specific for the glycosidic linkage on the reducmg—termnal side of a laminarabiosyl
residue and is not specific for the re51due to which it is attached. It was upon this basis
that they rationalized the enzyme’s attack on oatand barley glucans and upon hchenan.
It is evident from the work presented here that this picture was too simple, and that
the binding extends over a considerable stretch -of the glucan chain toward the ‘non=
reducing terminal side of the catalytic site (the rate of action is. still increasing at the
level of a 7-unit chain; see Table III). However, the general shape of the chain.is
not sufficiently altered by the insertion of isolated’ ﬁ-D-(l - 4) lmkages as‘to render
the f-p-(1 —» 4)-gl)c051d1c hnkage unavallable to the active site (Fig. 3). In- the case
of an inserted f-p-(1 — 6)-linkage, the orientation of the: glycosxdxc bond is: radlcally
altered, and it is no longer located at the catalytic site'®. The data on 6-0-B-lamm o
arabxosyl-D—glucose presented in Table IV:would appear to lndwate a’ Very limited
attack on the f-p-(1. — 6). linkage.- However, as we have  just shown, the enzyme has
some transglycosylating capacity at the extremely hlgh levels of enzyme “used in' ‘this -
expenment 1t is not unhkely that hmlted transfer of a D-glucosyl resxd"e_ to the C

the usefulness of the hazopus endo-glucanase' ti'lictural too e



- Laminarotetrdose:’

'CHOH -

4%0. ﬂ—Lummorab»osyl lummarub:ose R

Fig. 3. Ratlona.hmtlon of the suseepﬁbxhty of certain ﬂ-D-(l — 4)~hnkagos to l‘ydrolysxs by the
Rhizopus enzymie. "The vertical arrows mdlmte the bond hydrolyzed. The nomenc]ature used for
the ohgosaochandw is that of Whelan“' s i SR

o General methods'. — Enzyme a.ssay. D-Glucanase acuwty was estlmated by the,
; ablhty of: the enzyme to hydrolyze sodmm borohydnde-reduced cold-water—soluble .
7lam1naran (3 mg/ml) at. 37° in:50. mM: acetate buffer (pH 4. 8) contaxmng 0. 25 mg/mlﬁ '
- of gelatm Borohydndc—reduced matenal was:used to: mcrease the sensztmty :of the:

reducmg—power assay. The r@sultmg increase’in the reducmg power of the mcubatlonl{
A medmm' was_%_determmed by the alkalme copper: method of Nelson 'and-Somogyx '

'the.Folm—-Lowry procedure, w1th crystallme,
,Kankakee, Ill ) aa the standard. -
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Reese of the Quartermaster Research and Engmeermg Center Natlck ‘Mass;, was
maintained at 4° in'the sporulated state on: Sabouraud Dextro '
‘When the orgamsm was to be grown for enzyme productron, a new Sabouraud -
Dextrose Agar slant was inoculated, and incubated for 38 h at 30°. Ahqmd ‘medinm
was prepared with the following composition: cellobxose (60 g), potassium dthydro-
genphosphate (20 g), ammonium phosphate (14 2), Proteose Peptone (Difco) (10 g),. |
calcium chloride dihydrate (4 g), urea (3 g), magnesium sulfate heptahydrate G2,
ferrous sulfate heptahydrate (50 ;zg), zinc sulfate . heptahydrate (35 mpg), ,cobalt’
chloride hexahydrate (30 pg), manganese sulfate monohydrate (15 UE), and distilled -
water to make 10 liters. A starter culture was prepared by moculatmg 250 ml of
sterile medium with fresh mycehal growth and mcubatmg for 30—36 h at 30° ona-
reciprocating shaker. B

The starter culture was transferred to the remamder of the stenle medmm in
a New Brunswick Model F-14 fermentor mamtamed at 30°. The culture was in-
cubated with stirring at 180 r.p.m. and air flow of 2 liters/min untll the enzymev
activity reached a maximum (usually after 48-52 h; see Fig. 1).

Polyacrylamide-gel electrophoresis. — Urea-acetic acid gels contalmng 7 S /,
acrylamide were prepared and run as described by Panyim and Chalkley”‘ Sodium
dodecyl sulfate-gel electrophoresis was carried out according to- the procedure of -
Weber et al.2* Protein bands were detected on both types of gel with the Coomassie
Blue R 250 stain as described by Weber et al.; destmmng was carned out electro-
phoretically in 189 methanol-9 %, acetic acid with a Canalco Quick Gel. D@stamer

Isoelectric focusing. — Isoelectric focusmg experiments were done with an
LKB model 8101 apparatus with Ampholine specified for the pH range 5-8 according
to directions supplied by the manufacturer. '

Sedimentation velocity. — Sed1mentat10n-veloc1ty studr&e were’ camed out at a .
protein concentration of 1.42 mg/ml and at an jonic strength of 0 15, in, a Spmco
Model E ultracentrifuge. The sample was rotated at 59, 840 T. p m. 1n an An-D rotor ;
at 24°, :

Purification of the enzyme. — The culture medium was ﬁltered through glass :
wool and immediately transferred to the 12-liter reservoir of the Amicon ultra-

filtration system (Amicon Corp., Lexmgton, Mass.). The soluuon was ‘concentrated =

at 4° by pressure filtration in a Type 402 :Amicon cell fitted with a- PM-10: Diaflo:
membrane until the volume had been decreased. to’ about 250 ml Pressure chalysns ‘
was then carried out by passmg 1.5 hters of 50 mM acetate buﬂ‘er (pH 4.8) through
the cell. - . ’ ‘
' Fractionation with ammonium sulfate. The matenal preclprtatmg between 35 -
and 75%; saturation with solid ammonium sulfate (Schwarz—Mann $pecial: ‘enzyme’ =

grade) at 0° was taken up in 100 ml of cold, 5 mm ‘sodiuin phosphate buffer (pH7 0) -

containing 0.2% (w/v) of sodium ¢hloride and- pressure'dralyzed in the. Amicon cell
by passage of 1 liter of the same. buﬁ‘er through the ce e"'dralyzed solutlon was o
then concentrated to about 50 ml.. o ' s

C]zromatography on O-(carboxymethyl)cellulase.




= g
?.adsorbed P _otem was eluted the enzyme was then eluted thh lmear gradlent from.,
0.2—2 0. / sodium: chlonde (in 5 mM phosphate buffer, -pH-7.0; total volumie: 500 1nl).
-The- enzyme-conta.mmg ‘eluate ‘was collected in 6-ml - fractlons “The: .column ‘was
operated ata hydrostatlc pressure of- 75—-85 om, e S 50
Fractlons containing enzyme:activity: were- pooled,and concentrated;to about‘
30 ml ina: Type 52 Amicon. cell. eqmpped wrth a PM-1G membrane. Buffer. exchange‘ '
‘was ca.rned out by passage. of 200 ml of 50 mm: acétate. buﬁ‘er (pH 4. 8) through the-
.cell and then the: solution: was conoentrated to- about $:3 ml R _
Sephadex—gel chromatography - The product from the 0-(carboxymethyl)cel- :
lulose column' was applied to a- 2.6 by 80 cm column of" Sephadex ‘G-100 equrllbrated
with. SOmM acetate buffer. (pH 4. 8) at 4°, The column was" operated at a hydrostatlc
pressure of: 35 cm in the. upflow mode, and 6-ml fractions ‘were collected. Followmg'»’
1dent1ﬁcatxon ‘of the fractions containing. (I' —- 3)-ﬁ-n—glumnase actmty, those
' demonstratmg homogenerty on urea-acetic. acid gel electrophoresrs were pooled and »
concentrated by ultrafiltration to a final protein concentration- .of about 1 mg/ml.
Generally, the purified enzyme—preparatlons were stored'at 4° in 50 mM acetate
buﬁ'er (pH 4.8), condltlons under -which: they appeared . to.be- stable indefinitely.:
Some. preparations- were subsequently freed of buffer salts. by pressure dialysis. with
double-distilled, .deionized water or by passage through a 1.5.by 90 cm column of
: Bro-Gel P:2. The resulting solutlons were lyophlhzed then stored over anhydrous
calclum sulfate at4° " s
_ Charactenzatwn of the enzyme. Estzmatzon of E(I ‘7) at 280 m. A solutlon i
-of the purified enzyme was freed of buffer salts by pressure dialysis’ and concentrated
“to: about 1 mg/ml The absorbance at 280 nm was’ accurately - determmed ‘with-a
_Hitachi-Coleman 124 double-beam: spectrophotometer, and then’ tnphcate aliquots
“of the solution were dried by lyophrhzatlon, followed . by. heatmg in'a.vacuum oven _
at 38° untll they reached constant welght Al welghts were determmed wrth a Mettler
nncroba.lanoe under. condmons of temperature equrhbnum :
i Ammo acid analyszs. Portrons of salt-free enzyme solutlon to whlch norleucme
had been added as.an mternal standard -were: made 6 M in hydrochlonc acid and
, hydrolyzed at: 110° under: oxygen—free condmons for 18, :24; and 35 h; respectively.: -
},Analysm of:the -amino ‘acids - in the’ hydrolyzates‘f,_was accomphshed by’ a.Beckman -
- Model 119. amino -acid analyzer’ operated in.a 'mgle-column mode Results weref.
Tguantltated by.an automatlc, eomputmg mtegrator PR S
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“was made by the method of Robyt et al.27. Determmatlons were camed out on both,
native enzyme and enzyme Wthh had been mcubated for 2: h at 37° in: 1 / sodmmf -
dodecyl sulfate solution. :

Molecular weight estimation. (I) SeaLmentatzon eauzltbrmm uItracentrtfugatwn '

Molecular weight of the enzyme was estimated by the hlgh-speed ethbnum -method
of Yphantis'! with a Spinco Model E analytical ultracentnfuge. A 0.4 mg/mi solution
of the enzyme in 50mM acetate buffer (pH 4.8) containing 0.1 sodium chlonde ”
“(total ionic strength 0.125) was placed over a fluorocarbon layer i in one. sector, and
" buffer was placed in the outer sector;.of a double-sector, synthetic boundary-cell .
having sapphire windows. The cell was placed in the An-D rotor ‘and-accelerated
to 30,000 r.p.m. at a temperature of 21.4°. Exposures- of the Rayleigh interference-
fringes were made for analysis at 56.25 h after the start of the run, well after equilib-
rium had been attained. Data for blank correction were obtained by m1x1ng the
cell contents and then again accelerating the rotor.to 30,000:r.p.m. Exposures ‘were
made immediately, before significant sedimentation had taken place. '

(2) Gel electrophoresis on sodium- dodecyl sulfate. The procedure of- Weber
et al.®* was used, at acrylamide concentrations of 7.5, 10, and 12.5%. The following
molecular-weight standards were obtained from Schwarz-Mann, Orangeburg, N.Y.:
horse heart cytochrome c, bovine chymotrypsmogen A, ovalbumm, and bovme
serum albumin. ’

(3) Gel filtration. A 2.6 by 80 cm column of Sephadex G-100 operated in the,
upflow mode (the same column used for enzyme purification) was calibrated with
2 mi each of 2.5 mg/ml solutions of chymotrypsinogen A, ovalbumin,. and-bovine
serum albumin, respectively, in 50mM acetate buffer (pH 4. 8) The: void volume was
determined with a similar solution of Blue Dextran 2000. :

Examination of the carbohydrate moiety. Neutral . carbohydrate was. estlmated
by the phenol-sulfuric-acid proceédure'?; hexosamine content was estimated with. -
the amino acid analyzer following hydrolys1s for 6 h in 4M hydrochlonc acxd at 1 10°,
as suggested by Spiro2® E

To determine whether the results of- the foregomg procedures corresponded to -
covalently bound carbohydrate or a free contaminant, samples of the: punﬁed enzyme
were applied to urea—acetic acid gels as described. prevmusly. Duphcate gels were -
stained for protein with Coomassie Blue R250 and by the penodrc amd—Schlﬂ' (PAS)‘
procedure of Zacharius ez al.>®. The PAS-stained gels were: destamed electrophoretl-

cally in 7% acetic acid. For identification: of the neutral sugars makmg up the. carbo-"__ -

hydrate moiety, a sample of the purified enzyme, desalted ona- on-Gel P2 column,f.
was hydrolyzed in M sulfuric-acid for 6 h at: 100°.js 'I'he hydrolyzate was dﬂuted ‘to
0.2M with water, and then deionized by succéssive passage: through Bio:Rad AGSOW—_ 3
" X8 cation-exchange ‘resin: (H+ form) and AGI-X8 amon-exchange esm (formate: :
form) as suggested by Splro > and ﬁnally concentrated in arotary vacuum evaporator :
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. by combrmng equal volumes of 0 IM phosphonc acrd and O.IM; umshydro en- .
' phosphate solutions. The: plates were dried overmght in"an oven at 100° ‘before, use.
, .Followmg apphcatlon of samples of the sulfunc acxd hydrolyzav nd known sugar -
" solutlons, chromatography was carned out: i 'a Brmkmann sandwrch-type chamber_,v
by xmgauon ‘with 4:5:1 1-butauol—acetone—phosphate buffer (the same phosphate-}
solutlon used to ‘spray the plates onglnally) Followmg u‘ngatron, plates were-dried
* in'an oven at 100° and. the sugar-contaxmng spots were detected. by spraymg wrth
. the amsaldehyde—sulfurxc acid reagent of Stahl and Kaltenbach32 and heatlng in an;’_
“oven at 100°. :
: Stereochemistry of hydrolysrs products LA mlxture of ﬁ-D«(l i 3)-hnked_
ohgosacchandes containing D-glucose- through lammaraheptaose was ‘dissolved in
50mm acetate buffer (pH 4.8) to a concentration of 38.4 mg/ml'and. kept to mutarotate
for 2 h-at room temperature. This solution. was mtroduced into-a 6-ml; side-arm cell
of 20.004. mm -pathlength, which was placed in the. sample chamber of ‘a Bendix
. Type: 143A -automatic polanmeter (The. Bendix" Corporatron, _Cmcmnau Division,
Clncxnnatl Ohjo) equipped with a 5893 A (sodium D) mterference filter. The m— '
: strument had previously. been zeroed with distilled water in the sainple cell.. ,
: After it had been determined that the optical rotation -of the: ohgosaccharxde
solutlon remained constant, “approximately 400-units .of enzyme: in. 1 ml: of acetate
buﬁ‘er ‘was added to the.polarimeter cell -and-mixed: The optical rotatxon of the
solutlon was recorded on an attached stnp-chart recorder lllltll 1t reached a constant
value. The temperature of the solution was 26.5°, - R E
Eﬁ'ect of pH on:activity and stabxhty of . the enzyme. — Buﬁ'er solutxons ‘were
prepared to cover the pH range 2-8 which, under assay. condxtlons -contained citric
_acid and ammotns(hydroxymethyl)methane at concentrations: of 15 M- each and :
sodium chloride to. bring the ionic strength to 50 mM:in ‘each case. Incubauons “Were -
conducted at 37° both ‘with and without added gelatin; and ahquots were: taken for
-analysis at l-mrn intgrvals to assure' that. mmal reactlon-rates ‘were" recorded ‘Cor-
“rections: were ‘made for the influence of the PH. condmons 'on-the response’ of the
- alkaline ‘copper. a.nalytlcal-procedure There was: no detectable hydrolysxs of substrate
'm the absence of enzyme. i -
:To evaluate the mﬂuence of pH on the stabrhty of the enzyme, aconstant amount -
of enzyme wds. 1ncubated at 372 in the absence of: substrate under ‘each ofthe: pH
) cond:tnons employed in the" elucuiatron of the: pH—rate proﬁle, ‘both: thh and thhout ;
" added. gelatm -Aliquots. of each incubation mixture were removed at-vanous times
Ny and 1mmed1ately assayed by the standard assay procedure : : FUE
DEE B ~--‘jEsnmatzon 0f K -———-Solutlons of reduced, cold-water-soluble ammaran m
- SOmM acetate: buﬂ’er (pH. 4. 8) ‘weére prepared in: the: general: oncen Tange of
-0 08—1 20 mg/ml Enzyme was added and mcubatlons wer carned‘ out at both 37
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First Direction —mmd o f:
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1

F'g. 4. Diagram of the chromatogram used to mv&sugate the transferase acuvxty of the enzyme. h
See Expenmental section.’ )

and 10°, Aliquots were removed at 1-min intervals, and assayed as descnbed for the
standard assay procedure. Gelatin was not employed in this study. -~ - :
Transferase activity. — The action of the enzyme on oligosaccharide substrates i
was examined by 2 two-dimensional, paper-chromatographic technique similar to that
described by French et al.?3. A sheet of Whatman 3MM chromatography paper was
arranged as shown in Fig. 4. A solution containing approximately equimolar amounts
of laminarabiose through laminaraheptaose, plus D-glucose and gentiobiose, was
applied at points “A” and “B”. The shorter edges-of the chromatogram were stapled
together to form a cylinder, which was given* three ascendmg n-ngat:ons in6:1: 2
1-propanol-ethyl acetdte—water at 70°. :
Following the initial irrigations, the ﬁrst-dxmensron gmde stnp contammg
point “B* was cut off and set aside temporarily. The shaded area indicated in Fig. 4
was then sprayed with a solution of about 1 unit of enzyme in 3 ml of 50mm pyridinium
acetate buffer (pH 4.8). The chromatogram was incubated for one h at 37°in a closed
chamber saturated with water vapor, and then dried in a 70°:forced-draft oven.
Another application of the oligosaccharide solution was made at point.“C”, and the
chromatogram was again irrigated, exactly as before but in the perpendicular direction.
The compounds on the chromatogram-and -the ﬁrst-dlmensxon gulde stnp were
detected by the silver nitrate dipping procedure3>. .. _
To -elucidate further the action of the enzyme. mdxcated by the precedmg
experiment, the hydrolysis of laminarapentaose was studied in greater detail. Laminara-
pentaose (Ls) was purified from a partial acid hydrolyzate of cold-water-insoluble
laminaran by descending paper-chromatography in .68 %. (v/v) - -1-propanol. The
purity of the Ls was confirmed by ascending paper-chromatography in 6:1: 2 1-
propanol-ethyl acetate-water and by thm-layer chromatography on’ Kmelguhr G in-
14:3:3 1-butanol-pyridine-water>°. . .

_ A mixture was prepared in which. the’ L5 concentratxon ‘was 10 mg/ml (12 mM)‘_A
and. the enzyme concentration was 0.2 unit/ml in 50.mm pynd:mum acetate buffer
(pH 4.8). Following incubation for 1 i at - 37°, 20—;1] portlons -of the mixture were
applied to a two-dimensional chromatogram at the pomts “A” and “B? indicated
in Fig. 4. A known mxxture of ohgosacchandes ‘was also applxed to the gmde stnp,
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area indicated in: Flg. 4.:was: sprayed with:1:ml’ & 3)-
; B-D-glucanase (from Basidiomycete:QM: 806)37 ,50 mM pyndxmum acetate buﬁ'er.:
(pH 4:8). The chromatogram was incubated for 1: h'ifi.a’moist chamber at 37° and -
] then dned m an oven:at’ 100° Followmg apphcanon of - the known mrxture of ohgo-:
__sacchandes at posmon “C” the chromatogram was grven three ascendmg lmgatrons :
m the second. dn'ectron, as before. B
Action:of the. _enzyme on selected aIzga— and poly-saccharlde' s ﬂ-D-(I-—>3)-
'Lmked gluco-ohgosacchandes were prepared by partlal acid: hydrolysis*of pachyman
(from:. Poria -cocos)." They ‘were punﬁed by ‘column: chromatography ‘on’ coconut
charcoal®®, followed by preparatlve paper-chromatography m 7 1: 2 l-propanol—”-
ethyl acetate~water, : v oo
- Branched: ohgosacchandee were: synthesxzed by the actzon of Euglena gracdzs
lammarabxose phosphorylase. Euglena gracilis strain:Z cells were grown and harvested
as descnbed by Goldemberg and Marec:hal39 The cells were. dxsrupted by sonication,
the cellular debrrs was removed by brief centnfugauon at 5000g, and the supernatant
clarified. by eentnfugatlon for 1 h at 100 ,000g. The: lammarablose phosphorylase was
partially purified by (I) selecting- the .protein fraction that. precipitated from- the
160,000g supematant between 30 and’ 70‘7 saturation with ammonium sulfate and
(2) passage. of the. ammonium sulfate fractlon through a-column of DEAE-cellulose
at pH 6.5. The material not adsorbed on’ ‘the xon-exchange column contamed most of
the: lammarabxose phosphorylase actnvxty, but was’ essenhally free from a-D-glucosyl-
‘ phosphatase activity. : : .
~i. Three’ homologous series - of branched ohgosacchandes resulted from the
incubation -of ‘«-D-glucosyl’ phosphate : -and .the . Euglena' enzyme with ‘cellobiose,
gentlobxose, and 4°- -0-B-D-glucosyl-laminarabiose, respectively. The latter . acceptor
was obtained from the Fred Smith Carbohydrate Collection in this laboratory,
were all of the otheroligo--and poly-saccharides used that were not commerclally
avallable and whose sources.-are not otherwise 1dent1ﬁed o
' “The. ohgosacchandes in each of the three lammatablose phosphorylase mcuba—
hon-mlxturec were purified by’ paper chromatography in 7:1:2° l-propanol—ethyl
acetate-water, as previously described. The exo-(l—»3)—ﬁ-n-glucanase“ from Basi-
d;omycete QM 806 converted each of these- ohgosacchaudes mto a mxxture of D-
glucase and the ongmal acceptor, md:catm 1 that the added glucosrdrc hnkag% were :
all ﬂ-D-(l—>3) : '
- The abxhty of the’ .Rhlzopus arrhlzus endo-(l—»3)~ﬁ-n-glucanase to hydtolyze
the ‘several - ohgosacchaudes prepared;” and’ a-series of polysaochandes (Table III) :
. was- exammed under standard assay-condmons, W1th excluswn of gelatm ”Each of

: reducmg power from overwhehmng the assay syste_nl, and the substrate 'coneentratxon’ -

-':yvlth that of soluble lammaran at the ‘same concentratxon (soluble lammaranwas



thanOSmg/ml - SRR L :
. The action’ pattern of the thzopus arrhzzus enzyme ‘on- several of . the: ollgo-.
saccharide substrates- was- investigated. Incubatlons -were: carned out at 37° in:the"
assay buffer (excluding gelatin) for up to 48 h at enzyme concentratlons up’ to’ 1 IU/ml ‘
depending on substrate susceptibility. The substrate concentratxon in ‘each: case was_A
- 5'mg/ml. At the end of each incubation penod ‘the. reaction: ‘was stopped by heating .
‘the incubation mixture-in‘a bo:lmg—water bath.* An’ aliquot:.of. each: nnxture was
immediately withdrawn and applied to.a paper chromatogram for quahtanve examma- '
tion. The remainder of each incubation mixture- was deiomzed on a-mixed-bed, ion-
exchange resin and taken to dryness on a- rotary vacuum evaporator (Rotary. Evapo—
Mlx Buchler Instruments, New. York). ‘A-portion: of: the resxdue ‘wds:taken up'in
water and applied in a 20-cm streak to.a paper: chromatogram._The 57 cm—longv
chromatogram-was -irrigated for 36 h- w1th 7:1:2 l—propanol—ethyl acetate—water.
The saccharide-containing bands, .identified by gmde_, strips vs'ta.med _wn;h the ‘srl_verj
nitrate dip-reagents, were eluted with water and quantitated by the: phenol-sulfuric
acid procedure. As gentiobiose and laminaratriose were not-well:separated by. this
solvent system, eluted bands suspected of containing. these:.two compdﬁents' were
further subjected to paper electrophoresxs in 0 IM ‘borate buﬁ‘er (pH 9.2) for 3—4 h
at 600 V. : . :
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