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ABSTRACT 

The extracellular (l-+3)-j?-D-glucanase [(1-+3)+r+glucan glucanohydrolase, 
E.C. 3.2.1&j produced by Rhizopus arrhizus QM 1032 was purified 165-fold by 
chromatography. The purified enzyme is basic, has a molecular weight of - 10,000, 
and is unstable in dilute solution but may be stabilized by addition of human serum 
albumin. The pH-activity profile for the enzyme in the presence of serum albumin 
shows a peak at about pH 3.5-3.7 and a shoulder at pH 4.5-4.6, whereas in the 
absence of serum albumin the optimum pH is at pH 4.5-4.6, indidating the presence 

of two enzymic species, designated “pH 3.5 activity” and “pH 4.6 activity”. In the 
presence of albumin the enzyme activity is resistant to inactivation by a wide range of 
reagents. Ammonium moiybdate is, however, a powerful inhibitor of “pH 3.5 
activity” although a much poorer inhibitor of “pH 4.6 activity”. The enzyme activity 
is stable during heating at pH 3.5 in the presence of human serum albumin. Thus, 
94.5 and 88.5% of ‘=pH 3.5 activity” and “pH 4.6 activity”, respectively, remained 
after heat-treatment for 30 min at 68”. The enzyme is, however, essentially inactive at 
this temperature, even in the presence of albumin. To account for this finding, .a 
temperature-dependent conformational change is proposed. The enzyme activity is 
not stable during heating at pH 4.6 in the presence of serum albumin. K, values for 
action on laminaran are 0.54 mg/ml (pH 3.5) and 0.27 mg/ml (pH 4.6). For lichenan 
the corresponding values are 3.33 and 2.38 mg/ml:The Vmax for enzyme action on 
Iichenan is 354% higher than for action on lam&ran at both pH values.--Possible 
relationships between the two forms of the enzyme are briefly considered. 

*Investigator of the. Howard Hughes Medical Institute. &end reprint requests to Department of 
Biochemistry, University of Miami School of Medicine, P.O. Box 875, Biscayne. Annex, Miami, 
Fldrida 33152, U. S.‘A. 
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INTRODUCTION 

During a survey of a large number of fungi for production of extracellular 
polysaccharidase activities, Reese and Mandels’ found that Mizopus urrhims 
QM 1032, grown on cellobiose as the carbon source, produced an endo-acting 
(1-+3)+D-glucanase. Studies of the action of the enzyme on lichenan and cereal 
D-gkans led Perlin and co-workers2-4 to suggest that; although classed as a (l-+3)- 
fi-D-glucanase, the enzyme also has the ability to split (1+4)-/?-D-glucosidic linkages. 
They suggested that the specificity of the enzyme should be described in terms of the 
glycosyl residue that is eventually liberated by the enzyme (3-O-&D-substituted 
glycosyl) rather than in terms of the linkage split, which may be either /?-o-(1-+3) or 
/3-D-(1-+4). 

In view of the importance of this enzyme in the structural analysis of poly- 
saccharides 5, and also as a possible subject for our studies on the structure and 
mechanism of action of glycoside hydrolases, the enzyme has been purified and some 
properties and aspects of its activity examined. A preliminary account of this work 
has been published6. 

hfATERIALS AND METHODS 

Growth of the fungus andpreparation of crude, extracellular, enzyme mixture. - 

Bhizopus arrhizus QM 1032, kindly provided by Dr. Elwyn T. Reese, was grown in 
shake culture at 29” (200 ml per 1 liter flask), using the basal medium employed by 
Reese and Mandels, with cellobiose as the carbon source’. After 5 days, cells were 
removed by centrifugation and the culture supematant was dialyzed against water at 
2” and then freeze-dried. 

Substrates. - A generous supply of cold-water insoiuble laminaran, prepared 
from Larninaria hyperborea as described by Black7, was provided by Dr. Eric T. 
Dewar, Inveresk Research International, Inveresk, Midlothian, Scotland, and used 
without further purification. This material was dissolved in warm water before 
incorporation into enzyme digests; it remained in solution during the incubation. 
Lichenan was prepared from Iceland Moss (Cetraria islandica) by the method of 
Peat et al.’ 

Chrornarographic media. - DEAE-Cellulose (microgranular DE-52) and CM- 
Sephadex C-25 were from Whatman Biochemicals Ltd. and Pharmacia Fine 
Chemicals, respectively. These materials were treated before use as recommended by 
the respective manufacturers ‘*lo. Bio-Gel P-60 (100-200 mesh) was obtained from 
Bio-Rad Laboratories (Richmond, California) and was swollen for 3 days in 1% 
sodium chloride at room temperature before column packing and equilibration. 

Other materials. - Human semm albumin was obtained from the. Lister 
Institute of Preventive Medicine, London, and bovine serum albumin w&s obtained 
from Sigma Chemical Co; 

Analyses. - Protein was determined by the method of Lowry et al.!‘; with 
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bovine serum albumin as the protein standard; Total carbohydrate was estimated by 
the phenol-sulfuric acid method” with D-glucose as standard. Reducing sugars were 
measured by a calorimetric adaptation of the Somogyi method’3g’4. 

Enzyme assays. - During purilkation of the enzyme, activities were measured 
at 37” by the release of reducing sugars in digests (total volume 1.0 ml) containing 
substrate (insoluble laminaran, 2.5 mg), human serum albumin (250 pg), buffer 
(50Om~ acetate,-pH 4.5,0.25 ml), and enzyme. The amounts of enzyme and duration 
of incubation used were such that not more than 5% hydrolysis of the substrate 
occurred. Appropriate substrate and, where necessary, enzyme blanks were included. 
When necessary, dilutions of enzyme solutions were made by addition of aliquots to 
appropriate amounts of human serum albumin solution (0.25 m&ml) before assay. 
I Unit of activity is defined as the amount that released 1 pmole of reducing sugars 
(measured as D-glucose equivalents) per min under the conditions described. 

During studies on the activity of the purified enzyme, the digests used were 
essentially as already stated, although in some cases acetate buffer of pH 3.5 was used. 
The exact compositions are given in the RESULTS section. 

Ullrafiltration. - This was performed at 2” in Diaflo cells (Amicon Corporation, 
Lexington, Massachusetts, U.S.A.) fitted with UM-10 membranes. 

RESULTS 

Purification of Rhizopus arrhizus (1+3)-/3-o-gzucanase. - All operations were 
performed at 2”. Column chromatography on DEAE-cellulose. Freeze-dried culture 
filtrate (300 mg containing 124 mg of protein) was dissolved in 25m~ citrate- 
phosphate buffer (pH 8.0) and applied to a column (9.0 x 3.0 cm) of DEAE-cellulose, 
which was eluted with a gradient of 0 + 1.0~ sodium chloride in the same buffer. 
Assays showed the activity to be present in the unadsorbed peak (Fig. 1). 

Column ChrOmatography on CM-Sephadex. Fractions from the DEAE-cellulose 
column containing the enzyme activity were combined, concentrated by ultrafil- 
tration, dialyzed against 25m~ acetate buffer (pH 5.0), and then chromatographed 
on a column (6.0 x 3.0 cm) of CM-Sephadex. The activity was recovered by elution 
with a gradient (O+ 1.0~) of sodium chloride in the same buffer, a salt concentration 
of 0.1-0.2~ being required for desorption. The activity was, in this instance, well 
separated from the major portion of the protein present in the effluent (Fig. 2). 

Column chromatography on Bio-Gel P-60. The combined enzyme fractions 
from the CM-Sephadex column were concentrated by ultrafiltration, and then 
applied to a column (95 x 2.5 cm) of Bio-Gel P-60, which was eluted with 25m~ 
acetate buffer (pH 5.0), containing 1% of calcium chloride. The activity recovered 
from the column was associated with an amount of protein below the level detectable 
by U.V. measurements (Fig. 3). The active fractions were. combined, concentrated by 
ultra.t?ltration, and dialyzed against water. 

The data from a typical purification are given in Table I. The enzyme solution 
prepared in this way is referred to as concentrated enzyme. For most of. the experi- 
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Fig. 1. Chromatography of crude Rhizo~us urrhizus enzyme mixture on DEAE-ceIluIose (Whatman 
microgranular DE-52; for conditions, see the text); - - - - -, distribution of protein; -O-O.7, 
(1+3)+D-glucanase activity; - - - - - - - - -, sodium chloride gradient. The heavy bar shows the 
fractions that were combined. 
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l&g. 2~~Ci&&t&graphy of Rhizopus arrhizk (1+3)-fl-D-glucanasi on CM&ephadei l-25. For - 
coiidititinsj & the t&L The syxi1b6Is are.as in the legkd’to Fig. 1. 
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Fig. 3. Chromatography of Rhizopus arrhizus (.l+-3)-fl-D-glucanase on a column of kio-Gel i-60. 
For conditions see the text. The arrow indicates the void volume of the coIumn. Protein could not be 
detected in the cohmm fractions before concentration. 

ments described, the concentrated enzyme solution contained 24 ,ug/ml of protein and 

initially had an activity of 2.6 U/ml. When stored at 2” in the absence of any stabilizing 
agent, this solution had a half-life of approximately 2 weeks. Some experiments were 
performed with an enzyme solution, initially of the same specific activity, but which 
had been freeze dried in +&he pre!ence of human serum albumin (see later) when the 
activity had dropped to approximately 0.8 U/ml. 

TABLE I 

PuRIFrcAnoN OF Rhizopus arrhfzus /&D~GLUCAN~IE 
L 

Step ToraZ Total Specific Purification Yield 
. . actiaity : profein activity factor (%) z 

(mifs) (m&r) ( Ww) 

I. Starting mate&I 79.5 124 0.64 - 100 
2. DEAE-Cellulose chromatography 59 61.5 0.96 

37 : 15.3 
1.5 74. 

3. CM-Sephadex chromatography 2.43 23.9 46.5 
4.. :Bio-Gel ,P-60 chromatography 19 _.. 0.18 106,. .. 165 _:.-‘24 :. -1 

.. ‘L. 
1: - . : . . 

Uitra-viol& absorption spectrum of purified ~Rhizopus tirrhizus #I-ghmznase. -- 
The U.V. specm (Fig. 4) was measured with a; Unicam SP. 1800 spectrophotom&er 

in 1 cm cells,. at- a c&qxtration of:24 jig/ml; .’ : 
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iUoI&tdar weight of purified Rhizopus arrhizus &glucanase. - The molecular 
weight of the putied enzyme was estimated by molecular-sieve chromatography on 
a column of Bio-Gel P-60 which had been -calibrated by using proteins of known 
molecular weight, namely ribonuclease, chymotrypsinogen, and ovalbumin (compare 
ref. 15). The enzyme had V./V, (ratio of elution volume to void volume of the 
column) of 2.15: A plot (Fig. 5) of VJV, against log (molecular weight) showed this 
value to correspond to a molecular weight of approximately 10,200 daltons. 

220 240 260 260 300 : 

WAVELENGTH (nm) 
4.1 4.2 4.3 4.4 4.5 4.6 4.7 

log (MOLECULAR WEIGHT) 

Fig. 4. Ultravio!et absorption spectrum of purified, concentrated Rhizqus urrhirrrs (1+3)-B-D- 
glucanase. The measurements were made in a cell of path length 1 cm and at zi protein concentration 
of 24 /&nL 

Fig. 5. Calibration of Bio-Gel P-60 column with proteins of known molecular weight (1 = ribo- 
nuclease, 2 = chymotrypsiriogen, and 3 = ovalbumin). The arrow indicates the position of elution of 
Rhizopus urrhirus (1+3)-B-D-glucanase. 

Inqctivation of purified Rhizopus_ arrhizus &gkka~e by. dilution. -_ During _ 

initial studies of the properties of the purified enzyme, it was found that activity 
measurements were irreproducible; apparent activities were not proportional to the 
amount.of enzyme incorporated into enzyme digests, particularIy.when concentrated 
enzyme solution was diluted before use. These discrepancies were traced to joss of 
activity during dilution and raiid’:loss of activity ‘&I the diluted.. solution on storage: 
Ig -vjey of other ~eports’6-~8 of stabilization of: highly purified carbohydrases by 

: 
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addition of serum albumin, experiments were undertaken to determine whether 
human serum albumin aEected the stability properties of the Rhizopus-enzyme. 

Loss of activity in diluted solution in the presence and absence of human serum 
albumin. - Samples (50 ~1) of concentrated enzyme solution were diluted six-fold by 
addition to- water and to human serum albumin soIution (0.25 mg/ml) at 18”. The 
activities of the diluted solutions after various lengths of time at this temperature were 
then determined by incorporation of samples (25 ,ul) into digests containing laminaran 
(2.5 mg), buffer (50Om~ acetate, pH 4.5, 0.25 ml), and human serum albumin 
(0.25 ml, 1 mg/ml) in a total volume of 1.0 ml. The loss of activity with time in the 
two experiments is shown in Fig. 6. 

0 30 60 90 120 150 

‘ DURATION OF STORAGE (min) 

Fig. 6. Loss of activity of diluted Rhilopus clrrhiIu~ (I+-3)-/?-D-glucanase in the presence (-O-O-) 
and absence (-@?-S) of hunti serum albumin. For conditions, see the text. 

Eflect of human semm albumin on the loss of activity during freezing-thawing and 
freeze-drying. - Concentrated enzyme solution (50 @) was added to 0.25 ml of water 
and to 0.25 ml of albumin solution (0.25 mg/ml). The diluted solutions were im- 
mediately frozen, stored for 2 days at - lS0, and then thawed at room temperature. 
Duplicate samples of the diluted solutions were freeze-dried (approx. 3 h) and then 
redissolved in water. The activities of the frozen-thawed and freeze-drjed-redissolved 
samples were compared with that of a sblution prepared by freshIy diluting concen- 
trated enzyme 6 times with human serum albumin solution (0.25 mg/ml), by incor- 
poration of samples (25 ~1) into digests as in the last paragraph. The results are given 
in Table II. 

: 

.Depende&e of enzyme activity and stabky on pH: -..&e activity of the 
putied enzyme was determined at various pH values by using laminaran as substrate, 
in l.O-ml digests cdntaining substrate (25mg) and buffers (acetate; Hal doncen- 
tration 125ti) of various pHvalues, both in the presence and absence of human 
serum ‘albuniin’ (250 pg); The pH-activity ‘&rve -for +-action of- the. c&yme on’ 
lichenan was determined in thesameway. ‘.: ’ : .: .’ ,-. .-.::. 
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TABLEII:-. :, .- -:- . 
EFFECT OF HUMAN SERq ALBm. ON STABILXTY OF RIgizopu~ a@iZUS (1+3)-j?-JJ-GLUqANASB 

kctivity ‘Contrtii +eeze aVying .- .kr&eziing and thati& 
.,^ . . _. .- 

‘. With . H&out -with 
albufnin -. album& 

Wi#out 
albumin albumin 

.. 

u/ml 0.78 0.61 0.073 0.50 0.202 :. 
% 100 84 -10 69 28 
. : 

The stability of the enzyme at various pH values in the presence and absence of 
albumin was determined by using digests of the same composition, enzyme action 
being initiated by addition of substrate (laminaran) solution-after pre-incubation of 
enzyme and buffer with or without albumin for 2 h at 37”. 

The results are illustrated in Figs. 7a-c. 

‘I 
- _’ . 

Fig. 7a. l%pe~d&& bf a&ity of k~iz&~~& &hi.& (~+~j$&&&&~ & &$ c&x-&x$ ii the 
presence of human. se- albumin, with laming (-O-O-) and lichenan (i&W-) a~ 
&&t&~. Foi con&&ons, ss’t@ text. : _ .’ .. - ‘-. ._ : ; : 

_ > . . _. 

-bptinrkm tempkure and heat stability :of purified Rhimpus- ‘~&&US .$- 

.~ $7~ucanuse. - The optimum temperature svtis determined.-by L using: &O-ml digests 
containing substrate. (laminar&; 2.5 mg), buffer (50Om~ ac$ate;~‘p~:3.5, ,6.25 ml), : 
human serum album& (250 pg), and concentrated -enzyme (15jd). After~.incubation 
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PH 

b. The dependence of activity of Rhizopus arrhizus (1-t3)-/?k-glucanase on pH (laminaran 
substrate) in the absence of human serum albumin (-O-O-). The stability of the enzyme as a 
function of pH in the absence of albumin is also shown (-A-A-). For conditions see the text. 
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c. The percentage of the activity in the presence of albumin (laminaran substrate) remaining 
during assay in the absence of albumin, as a function of pH. The points shown were calculated from 
thoSein Figs. 7a and 7b. 

*. :. : .. 
: . . t 

f&30 -i&i& v&ji+ te’&~&iifis. qiy& action wis st$&d by +i&ti&of aika$+ _ . . . . . . T 
copper reagent ‘and- the~&k&ng sugars hberked by euzytie a&ion were deie&ined. 
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The knperature stability of the enzyme was determined by using d&es& of the 
same composition, substrate being added after incubation of the other constituents 
of the digest for 30 min at the stated temperature, followed by incubation for 30 min 
at 37” to determine the amount-of activity remaining. 

The same experiments were also conducted at pH 4.6. In this case, an approxi- 
mately equivalent amount of.enzyme, freeze-dried in the presence of serum albumin 
and then redissolved, was used. 

As the stability experiments indicated distinct differences in the stabilities of 
“pH 3.5 activity” and “pH 4.6 activity”, determinations were made of the effect on 
these two activities of the pH at which heating was performed. These were conducted 
essentially as for the earlier stability experiments already detailed. Duplicate samples 
were heated for 30 min in the presence of human serum albumin at 68” in 25m~ 
acetate buffer (both pH 3.5 and 4.6). After heating, the activity remaining was 
determined at both pH values by addition of substrate in 50Om~ acetate buffer of the 
appropriate pH for assay. The measured activities were then compared with the 
activity of theunheated enzyme solution. 

The results of the temperature-optimum and stability studies are given in 
Figs. 8a, Sb, and Table ILL 

(a) 

30 40 60 _ -60 70 I 

16C 

140 

120 

20 

~EMPEAATURE OF HEATING (:C) 

Fig. 8a: Depbdence of RJ&p~~arrhirus (14-3)~&D-&ucanase activity &temperat$e &&&)~ 
The-activity remaining after beat treatment for 3O.min at various tempei-atures in the absence of 
sub&a@ is a@,shown (T+-@-). All actjvities are expressed. +ative to the-.activiiy at 37” in a 
c@ntiol digest (taken as. 100%). Heat, treatment and asiay-were conducted at pH 3.5. For‘ furthe‘i 
details s&z the-text. 
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140 

120 

30 70 

b. As in (a) but with heat treatment and assay conducted at pH 4.6. 

TABLE III 

mcr OF pH ONSTABIL.ITYOF Rhizopus arrhizus B-D-GLUCANASEACTIV~~Y 

(pH 3.5 AND pH4.6 AClMllE3) DIJRINGHEATTREA- (30 m, 68”) 

pH of assay pH of heat treatment Activity remaining 
(as % of activity in control at assay pH) 

3.5 3.5 88.5 

3.5 4.6. 20.0 

4.6 3.5 94.5 
4.6 4.6 0 

Dependence of enzyme activity on substrate concentration. - Initial rates of 
enzyme action were determined in digests (total volume 1.0 ml) containing substrate 
(laminaran or lichenan, 0.05-7.5 mg), human, serum albumin (250 pg), buffer (500~ 
acetate, pH 3.5 or 4.6, 0.25 ml), and e-e (lS@). me kinetic constants for the 
enzyme acting on the two substrates. at the two pH values were determined from 
&teweaver-Burk double-reciprocal plots (Figs. 9a and- 9b), and are summarized in 
Table JY. 

Efict of variozis reagents on enzyme activity. - The effect of various ior& and 
other reagents on the puriIied (1+3)-8_D_glucantie was determined by incorporation 
of the species under t&t inio digests cont&ing s$sgate @&inaraq~ 2.2 mg), :hi,un+n 
serum albumin (250 pg), and buffer ~(%IO~ a&ate, pH ?.5, 025 ml), in a total 
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and cereal glucan type’. The unusual specificity of the enzyme, which is such that the 
nature of the linkage split is directed by the requirement that a 3-O-/3-o-glycosyl- 
substituted glucose residue be liberated by the enzymezs4, may make the l?hizopus 
glucanase a useful model enzyme in our studies on the structure, specificity, and 
mechanism of action of glycoside hydrolases. However, as previous work2-4D’g was 
carried out with unpurified enzyme, it is essential that the properties of the purZed 
enzyme be investigated. While this work was in progress, two reports20*21 appeared, 
describing partial purifications of the enzyme. 

Afhnity-binding techniques for the purification of /?-D-&Can hydrolases have 
previously been reported by the author22-25. However, unlike other endo-B-D- 
glucanases investigated, the Rhizoplrs enzyme did not bind to microgranular DEAE- 
cellulose (Fig.. 1). Chromatography on the cation-exchanger, CM-Sephadex (Fig. 2), 
followed by molecular-sieve chromatography on Bio-Gel P-60 (Fig. 3) gave, typically, 
a 165fold purii?cation with 24% recovery of activity (Table I). The recovery and 
specil?c activity of the enzyme were approximately the same when the purification was 
performed in the cold (2”) or at room temperature (20”). Although not shown in 
Figs. 1-3, fractions from the ion-exchanger and molecular-sieve chromatography 
columns were assayed for activity towards lichenan as well as laminaran. Activities 
towards the two substrates coincided, con&ming that activity towards both substrates 
is due to a single enzyme. The elution volume of the enzyme on a calibrated Bio-Gel 
P-60 colulr_? (Fig. 5) shows that it has, as do /3-D-glucan hydrolases from malted 
barley26, rye*‘, and a bacterial enzyme preparation*‘, a rather low molecular weight 
(- 10,000 daltons). It will, however, be necessary to confirm this figure by more- 
reliable physical methods when larger quantities of the enzyme are obtained. 

Initial studies on the properties of the purified enzyme gave highly erratic and 
irreproducible results suggestive of enzyme instability. As previous work’6-18 has 
shown that highly puriied /3-D-glucan hydrolases may be stabilized by addition of 
inert protein such as serum albumin, the effect of incorporating this protein into 
enzyme digests was investigated. Human serum albumin prevented an initial rapid 
loss of activity of the enzyme on dilution, and markedly decreased the rate of inacti- 
vation in diluted solution at room temperature (Fig. 6). Serum albumin also stabilized 
the enzyme during freeze-drying and redissolving, or to freezing and thawing 
(Table II). Some of the experiments reported were performed by using freeze-dried 
enzyme, &ter it had been discovered that the activity could be preserved in this way. 
The results shown in Fig. 6, where partially inactivated enzyme was assayed in the 
presence of albumin, indicate that although serum &bumin can increase-enzyme 
stability, it cannot bring about re-activation. 

Whereas enzymic activity in the unptied enzyme preparation with laminaran 
as substrate was greatest at about pH 4.5 (hence the conditions chosen for assay of 
enzyme activity; see METHODS), activity in the purified preparation was optimal at a 
much lower pH (approximately 3~9, with a shoulder at pH 4.5 (Fig. 7a). A similar 
situation was observed with lichenan as substrate, although the relative activities at 
the two pH values differed from that towards laminaran at the same pH values. When 
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activity towards laminaran was measured in the absence of albumin, or in the 
presence of albumin after pre-incubation without albumin, activity was only present 
in the higher-pH region of the biphasic pH-activity curve (Fig. 7b). This is clearly 
emphasized in Fig. 7c, where the ratio of the activities towards laminaran in the 
presence and absence of albumin is shown as a function of pH. The biphasic pH- 
activity curve and the preferential loss of one part of it in the absence of albumin 
(Figs. 7a-c) indicate the presence in the purified enzyme preparation of two distinct 
activities, which have been referred to as “pH 3.5 activity” and “pH 4.6 activity”. 

The “pH 4.6 activity” shows a normal dependance of activity on temperature, 
having optimum activity at about 55”, and being irreversibly inactivated above 50” 
(Fig. 8b). The “pH 3.5 activity” showed only low activity above 60”, but was not 
irreversibly inactivated at such temperatures (Fig. Sa). After heating for 30 min at 
74”, followed by assay at 37”, 55% of the activity remained. Although the differences 
in heat-stability behavior provide, at first sight, evidence that “pH 3.5 activity” and 
“pH 4.6 activity” are distinct, this is not so. It is the pH at which heat treatment is 
performed which determines the amount of activity lost during heat treatment 
(Table III). Thus, on heat treatment at pH 3.5, neither form of the enzyme is irrever- 
sibly inactivated. Possibly a conformational change takes place which .prevents 
effective enzyme-substrate binding, but on cooling the enzyme returns to its native 
conformation; During heat treatment at pH 4.6, activity is lost, largely irreversibly. 
Although the same conformational change would be proposed to occur during heating 
at the higher pH, the native conformation clearly is not regained after this treatment. 

A number of reagents known to activate or inactivate other glycoside hydrola- 
seszg were without signScant effect on the enzyme activity, although this lack of effect 
may be due, in part, to the protective action of serum albumin. However, the lack of 
inhibition by calcium-sequestering agents (EDTA, citrate, and phosphate) and by 
mercuric chloride, was confirmed in the absence of albumin. Thus the Rhizopus 

enzyme differs from other j&D-ghCan hydrolasesz6, in either not requiring calcium, 
or in binding this cation very firmly. The purified enzyme is strongly inhibited by 
ammonium molybdate, a reagent previously observed to inhibit several other carbo- 
hydrases 30-32 by an as-yet unknown mechanism. The greater effect of this. reagent 
on pH 3.5 activity than on pH 4.6 activity (Table V) provides further evidence that 
these two activities are distinct. 

The kinetic constants for the two (pH 3.5 and 4.6) activities, with laminaran 
and lichenan as substrates, were determined from Lineweaver-Burk plots (Figs. 9a- 
and 9b) and are summarized in Table IV. The differences in the K, values for the two 
substrates (a factor of 6-9) is not great. This may be largely explained on the basis of 
the “effective” substrate concentrations in laminaran and lichenan solutions of the 
same weight concentrations, the former having a considerably higher proportion of 
susceptible linkages. It may be concluded that the enzyme has about the same a&Sty 
for the region which it binds in the two types of polysaccharides. The maximum 
velocity of enzyme action is 3540% greater on lichenan than on laminaran. As the 
majority of the linkages split in the former substrate are p-~-(1+4), rather than 
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&n-(1+3) as in Iaminaran, it do& seem that &n-(1+4) -linkages --are more easiIy 
cleaved by the enzyme than. are: /3-~-(1ti3) linkages. Most of the experiments and 

assays reported have- not been - pe’iformed under ‘saturating substrate c.onditions, 
particularly in the case. of lichenan. This would be. impossible;. because ‘of high 
substrate blanks and; with lichenan, viscosity problems; : : : 

There remains the question asto whether there are, indeed, two enzymic species 
in the preparation, as indicated by the pH-activity, pHrstability studies, and by the 
differential-inhibition by ammonium molybdate. If, there are two forms, they are very 
closely related, one. possibly. being formed from the .other; for example by partial 
unfolding or protease action during isolation. Modifkation of the tertiary structures 
of enzymes ~during isolation, giving enzymes having different susceptibilities to non- 
competitive inhibitors, has been reported previously33*34. The alternative possibility, 
proteolysis, is well exemplified by the proteolytic modification of D-fructose I,6- 
diphosphatase during isolation35B3?, resulting in changes in properties, including 
optimum pH. Several species of Rhizopus produce powerful. acid proteases3’-3’. 
Proteolysis of the unfolded, or. partly-unfolded, enzyme by a heat-stable protease 
active at pH 4.6 but not at pH 3.5, could well explain the striking differences between 
the heat stability properties at these two pH values. It is hoped that the question will 
be answered by further studies in progress. 
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