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SUMMARY 

The mycelium of Phytophthora pahnivora contains enzymes capable of hydrol- 
ysing fl-D-i,3-glucans by endwise removal of glucose units. This laminarinase (fi-I,3- 
glucan glucohydrolase) activity is found intimately associated with particulate 
fractions (3ooo-loo ooo × g) ; very little is secreted into the culture medium. Lamin- 
arin-oligosaccharides are also cleaved. The rate of hydrolysis was greatest with 
laminaribiose, reached a minimum with laminaritetraose and rose again with lamin- 
aripentaose and laminarin. These results suggest the existence of a fl-I,3-glueosidase 
together with tile fl-I,3-glucanase in the subcellular particles but separation of these 
two activities was not achieved. Maximum laminarinase activity occurred at 4 ° °C 
and pH 5-6. The laminarinase does not require the addition of metal ions for activity 
and is inhibited by heavy metal ions particularly Hg 2+. Motile zoospores from P. 
palmivora contain both particulate and soluble fl-I,3-glucanase activities. A cyto- 
plasmic glucan isolated from the mycelium of P. cinnamomi was digested by enzymes 
from the mycelium or zoospores of P. pahnivora but at a much slower rate than 
laminarin. 

INTRODUCTION 

It  is well known that fungi often undergo morphological differentiation when 
placed under nutritionally deficient conditions1, ~. The metabolic demands of the 
differentiating fungus for energy and structural compounds must therefore be satis- 
fied, partly or entirely, by endogenous reserves. Our interest in defining the intra- 
cellular glucanase activity of Phytophthora spp. originated from the following obser- 
vations: (I) fl-I,3-glucans (with fl-I,6 links at the branching points) represent a major 
reserve carbohydrate of Phytophthora cinnamomi ~. (2) During C starvation of the 
mycelium of P. cinnamomi or during encystment of zoospores of P. palmivora ~ soluble 
cytoplasmic glucan(s) are degraded; concurrently, there is considerable synthesis of 
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an insoluble cell wall glucan. This glucan is a major  s t ruc tura l  compoimnt  of the cyst  
walls, sporangial  walls, or hyphal  walls formed by  the dif ferent ia t ing fungus'%'). 
Clearly, the synthesis  of cell wall glucan from cy top lasmic  glucan mus t  be an impor-  
t an t  pa r t  of the 1)iochemical machinery  of cell different iat ion in Phytoflhthora. 

In the present  communica t ion  we describe the ex t rac t ion  and charac te r iza t ion  
()f in t racel lu lar /~-L3-glucanase(s)  from I)h3,toflhthora palmi~cora. 

MATERIALS AND MI':TH()DS 

Lamina r in  was ob ta ined  from the Ins t i t u t e  of Seaweed Research,  Inveresk,  
Midlothian,  Scotland,  or from K and K chemicals  (Plainview, N.Y., U.S.A.) and was 
lmrified bv alcohol prec ip i ta t ion  from aqueous solution. Pus tu lan  was p repared  from 
Umbi/icaria flt¢stu/ata<L Laminar in  oligosaccharides were ob ta ined  by  H2S() 4 
hydrolys is  of laminar in  s and separa ted  t) 3, column ch roma tog raphy  on Set>hadex 
( i - I  5. The cytoplasmic  glucan from P. cill~¢amomi, which consists of/~-I)-I,3-1inked 
glucose uni ts  with/~-I,6-1inked branches,  has been prepared  and charac ter ized  in our 
laboratory:L Other  substances  used were commercia l ly  avai lable  products .  

E~z~,me prcparatio~ 
Ph3,lophthora palmivora (papaya  isolate) was k ind ly  suppl ied by  M. Aragaki ,  

Univers i ty  of Hawaii .  (This s t ra in  had  been formerly  referred to as P. parasitica but  
its nomencla ture  has been revised4). The fungus was grown as descr ibed previously  in 
V-8 juice l iquid medium"). Cultures were grown in s t a t iona ry  bot t les  a t  26 °C for 4 -I8 
days ,  and  the mycel ia  were ha rves ted  by  fi l trat ion.  The mycel ia l  mats  (wet weight  2 5 
g) were washed with  IO mM sodium ace ta te  buffer, p H  5.7, and  broken in a Braun 
MSK Mechanical  (;ell Homogenizer  (Brom¥ill Scientific, Rochester ,  N.Y., U.S.A.) fi)r 
3 o-. 6o s. Samples  were centr i fuged at  3ooo × g for Io  rain. To the resul t ing mi lky  
superna tan t ,  (NH4),,SO 4 was added  to 45% satura t ion .  The prec ip i ta te  was removed 
by  centr i fugat ion at  2o ooo x g for 2o min and resuspended in a min imal  amoun t  of 
ace ta te  buffer. 

To de te rmine  ext racel lu lar  glucanase ac t iv i ty ,  the cul ture f i l t rate  was concen- 
t r a t ed  and d ia lyzed  against  ace ta te  buffer. To the non-dia lyzable  port ion,  (NH4)2SO 4 
was added  to 70% sa tura t ion .  The resul t ing prec ip i ta te  was removed  by  centr i fuga-  
t ion at  2o ooo > g and redissolved in a min imal  amoun t  of ace ta te  lmffer. 

Zoospores of P. palmivora were p repared  from cultures grown at  2 7 ':>C on \7-8 
juice agar  plates  for 4 days  in the da rk  and 4 9 days  in the light.  To harves t  the 
zoospores, plates  were flooded with a buffer conta in ing I mM K H 2 P O 4 ,  o . I  mM MgCI 2 
and o.o2 mM CaC1,,, pH (). Af ter  2o- 3 ° rain the  plates  were decan ted  and the l iquid 
fi l tered through W h a t m a n  filter paper  No. 41 ; the f i l t rate was centr i fuged at  3ooo × g 
fo r  20 ra in .  

The sedimented  zoospores were resuspended in 5 ml of 2oo mM Tris HC1 buffer, 
p H  7, r ap id ly  frozen and thawed three  t imes in a dry-ice acetone ba th  followed by  
homogenizat ion in a Sorvall  omni-mixer  for 3o s. The resul t ing suspension was 
centr i fuged at  12 ooo ;4 g fi>r Io  min;  both  sediment  (resuspended in buffer) and  
supe rna t an t  were assayed fl)r enzyme act iv i ty .  
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Enzyme assays and chemical determinations 
Laminarinase activity was assayed at 4 ° °C; the standard reaction mixture 

contained 50 mM sodium acetate buffer, pH 5.7, and 2 mg of laminarin in a final 
volume of I ml. The reaction was initiated by the addition of o.I ml enzyme (approx. 
0.3 mg protein) and o.4-ml samples were removed for assay at IO and 20 rain. Assays 
were based upon the release of glucose (Glucostat "Special", Worthington Bio- 
chemical Corp., New Jersey, U.S.A.) or by the increase in reducing power according 
to the method of Somogyi and Nelson 1° using glucose as standard. When the former 
method was used, the reaction was stopped by heating tile sample in a boiling water 
bath for 5 rain, while with the latter, the sample was pipetted into I ml of alkaline 
copper reagent. In all cases initial reaction velocity was measured, and the amount of 
product formed was proportional to the enzyme concentration. One unit of enzyme 
activity is defined as that  amount catalyzing the formation of I/~mole of glucose per 
rain under the experimental conditions employed. 

fl-I,3-Oligoglucan:orthophosphate glucosyltransferase activity (phosphorylase 
activity) was measured in both directions either by determining inorganic phosphate 
released 12 or by measuring the glucose I-phosphate formed with the phosphogluco- 
mutase-glucose-6-P dehydrogenase-NADP + system 13. 

Protein was measured by the Folin-Lowry n method using bovine serum 
albumin as standard. 

RESULTS AND DISCUSSION 

Specificity of the fl-glucanase of P. palmivora mvcelium 
The glucanase present in the cell-free extract (45% (NH4)2SQ precipitate) of 

P. palmivora is a laminarinase (Table I). I t  attacks laminarin, a linear fl-I,3-glucan 
and has no detectable effect on fi-I,4-glucan nor/3-I,6-glucan. The cytoplasmic glucan 
of P. cinnamomi ~, a fl-I,3-glucan with side branches attached by fl-I,6-1inks, was 
hydrolyzed but only at about 1/3 the rate of hydrolysis of laminarin. This crude 
preparation also displayed enzyme activity against fl-i,3-1inked glucose oligosaccha- 
rides (see below) and seemingly contained traces of other carbohydrases capable of 
hydrolysing cellobiose and gentiobiose (Table I). 

T A B L E  I 

SUBSTRATE SPECIFICITY OF THE INTRACELLULAR ~-GLUCANASE OF V. palmivora MYCELIUM 

T h e  r e a c t i o n  m i x t u r e s  c o n t a i n e d  o . i  1111 of  r e d i s s o l v e d  4 5 %  (NH4)2SO~ p r e c i p i t a t e  (o.I  m g  p r o t e i n ) .  

Substrale Total ktmoles glucose released 
per rain 

Reducing sugar Glucose oxidase 

L a m i n a r i n  ( /~- i ,3-glucan)  o .o64 
P u s t u l a n  ( f l - I ,6 -g lucan)  o 
A c i d - s w o l l e n  ce l l u lo se  ( /%i ,4 -g lucan)  o 
C y t o p l a s m i c  g l u c a n  f r o m  

P. cinnamomi ( / % i , 3 - ~ - i , 6 - g l u c a n )  o .o19 
Ce l lob iose  
f l - G e n t i o b i o s e  

o.o61 
o 
o 

0.022 
0.002 
o.oo 7 
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TABLE II 

D I S T R I B U T I O N  O F  L A M I N A R I N A S E  A C T I V I T Y  1N T H E  ( ; E L L  F R E E  E X T R A C T  A N D  C U L T U R E  M E D I U M  O F  

P. palmivora MYCELIUM 
Reaction mixtures contained o. i ml of enzyme (approx. 0. 3 mg protein) prepared from 8-day-ohl 
mycelium. 

Fraction Total  Lanzinarinas~ 
protein 
(rag) Total  Specific" 

units activity 

Cell free extract: 3000 × g pellet 35.4 7-59 0.214 
Cell free extract: 3000 × g supernatant 75-3 13.11 o-I74 
C u l t u r e  f i l t r a t e  2 1 . 3  o - 1 3  0 . 0 0 7  

* Specific activity measured in t, moles glucose/rain per nag protein. 

Subcellular distribution and attempted purification of laminarinase activity of P. palmi- 
7 ' o r a  

Both the 3ooo X g pellet  and  accompanying  superna tan t ,  from the cell-free 
ex t r ac t  of myce l ium of P. palmivora, conta ined  significant amounts  of laminar inase  
ac t iv i ty ;  ve ry  l i t t le  ac t iv i ty  was found in the concen t ra ted  cul ture  medium fluid 
(Table II) .  Differential  cent r i fugat ion  of the 3ooo X g supe rna t an t  showed alnmst  
equal levels of laminar inase  in the 8ooo × g and the ioo  ooo x g pellets;  no ac t iv i ty  
was de tec ted  in the IOO ooo x g superna tan t .  Since (NH,),,SO4 (45% satura t ion)  
p rec ip i t a t ed  essent ia l ly  all of the  enzymat ic  ac t i v i t y  from the 3ooo × g superna tan t ,  
this procedure  was used ins tead  of centr i fugat ion at  8ooo × g or IOO ooo "~ g for 
rout ine  p repa ra t ion  of the enzyme. Also, the prec ip i ta t ion  with  (NH4)2SO 4 increased 
the specific ac t iv i ty  of laminar inase  from about  o.I  7 (in the 3ooo x g superna tan t )  to 
o.52 (in the  precipi ta te) .  

Because the laminar inase  ac t iv i ty  appea red  to be i n t ima te ly  associa ted with 
subcel lular  part icles ,  var ious  ex t r ac t ion  procedures  were tes ted  in an effort to 
solubilize the  enzyme. The methods  used to dissolve the enzyme from the (NH4)2S() 4 
p rec ip i t a te  included ex t rac t ion  with bu tano l  or acetone;  sonic oscil lat ion in a IO kHz  
R a y t h e o n  uni t ;  homogeniza t ion  in a Braun  MSK cell homogenizer ;  lyophi l izat ion 
followed by  ex t rac t ion  with  I M sodium ace ta te  buffer, pH 5.7; and  autolysis .  
Fol lowing these t r ea tments ,  5o -8o% of the  original laminar inase  ac t iv i ty  remained  in 
the  pa r t i cu la te  f ract ion bu t  no enzymat ica l ty  act ive prote in  was solubilized. Sodium 
dodecyl  sulfate (o.o5°'~, final concentrat ion)  could not  be employed  since it inhib i ted  
enzyme ac t iv i ty  a lmost  completely.  

Laminaribiase activity in the crude laminarinase preparation of P. pahnivora mycelium 
In addi t ion  to hydro lyz ing  laminarin ,  the  crude enzyme prepara t ion  was capa-  

ble of sp l i t t ing  laminar in  oligosaccharides ( laminaribiose th rough  laminar ipentaose) .  
E n z y m e  affinity for these subst ra tes ,  as measured  by  Michaelis cons tants  (Kin), was 
of the same order  of magn i tude  for laminar in  as for i ts ol igomers (Table I I I ) .  The ra te  
of  hydrolys is  was greates t  for laminar ibiose ,  reached a min imum with l aminar i t e t raose  
and rose again for l aminar ipen taose  and laminarin .  In  accordance with  the  known 
behavior  of glucosidases vs glucanases ~4, our d a t a  suggest  the presence of two enzymic 
act iv i t ies :  a laminar ib iase  wi th  m a x i m u m  ca ta ly t i c  ac t ion on the disacchar ide and 
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T A B L E  11[ 

K I N E T I C  P A R A M E T E R S  O F  I I Y D R O L Y S I S  O F  L A M I N A R I N  A N D  L A M I N A R I D E X T R I N S  B Y  P. pallclivora 
E N Z Y M E S  

Samples  were assayed by the glucose oxidase  methods .  Amounts of enzyme were adjusted to mea- 
sure initial reaction veloci ty .  In  all  cases K,,, and V va lues  were ca lcu la ted  by  extrapolation 
from IAneweaver Burk double-reciprocal plots. 

Substrate Km × IO ~ (31) l" (,umoles glucose/rain per mg protein) 

Laminar ib iose  6. i 2.6 
Lamina r i t r i o se  5-o 2. i 
l , an l ina r i t e t r aose  3,8 o.53 
Lan l ina r ipen t aose  4-9 0.73 
Lan l ina r in  (3.3) * I ".5 

" For  th i s  ca lcu la t ion  the  molecu la r  weight of l an l ina r in  was  assumed  to  be 2448 (15 
glucose units). 

progressively less effect on longer oligosaccharides, and a glucanase whose greatest 
rate of action would be on the polysaccharide and minimal on short oligosaccharides. 
Although the trend in V data support the presence of both laminaribiase and lamin- 
arinase, no direct proof has been gathered for the existence of two separate enzymes. 
Decisive proof would require separation of the suspected enzymes, a task not yet 
completed. 

Properties of the fl-z,3-glucanase of P. palmivora myeelium 
Maximum enzyme activity occurred at pH 5% in 50 mM sodium acetate 

buffer, or in potassium phosphate buffer (I 0.05) with either laminarin or lamina- 
ribiose as substrates (Fig. I). Because of the limited amounts of substrates available, 
saturating amounts were not used for these experiments on pH effect. Thus, initial 
rather than maximal velocities are shown in Fig. I. This explains why the laminarinase 
activity appears to be greater than laminaribiase. When maximal velocities are 

o / 
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o 0.0~ - - ~ • J  "A "' .  "e'. .  e 
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I I I 
4 5 6 ? 

pH 

Fig. I. Effect of pH on l amina r ina se  (O) and  l a m i n a r i b i a s e  (&) ac t iv i t i e s  of P. palmivora,  p H  
effect was measured  with either potassium phosphate buffer (I  0.05) (-- -- --) or 5 ° mM acetate 
buffer ( - - - - -  ). In al l  cases, in i t i a l  reac t ion  ve loc i ty  was measured. Lami na r i na se  was assayed  as 
descr ibed in Mater ia ls  and  Methods. For l amina r ib i a se  ac t iv i ty ,  the reaction mixture samples 
contained o.56 mg of laminar ib iose .  
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compared (Table III) ,  the reverse is true. Optimal temperature for laminarin digestion 
was 4 ° °C. Almost all enzyme activity was destroyed at 60 °C. The enzyme was stable 
for 5 days at 5 °C, but after 2 weeks o °/ 5 /o of the activity was lost. 

Of the various salts tested, at a final concentration of I mM, Ag~, Mn 2 ~, Zn2+, 
Cu 2 ~ and Pb ~+, inhibited the reaction from 4o-75°/0. Hg 2+ was totally inhibitory. Mg 2+ , 
Ca 2+, Ba z+ and Co 2+ had no effect. The observation that I mM EDTA did not 
diminish the activity tends to corroborate the belief that  metals are not required for 
activity. 

The specific activity of laminarinase in the mycelium of P. palmivora was 
relatively constant over the cultivation period tested (7-, I2-, and I8-day cultures). 

Mode of substrate degradation 
The available evidence indicates that  the laminarinase ofP.  palmivora mycelium 

is an exo-glucanase, i.e. it degrades the substrate by successive removal of terminal 
glucose units. Simultaneous assays of glucose (Glucostat) and reducing sugar indicated 
that  the increase in reducing power was largely if not entirely due to the formation of 
free glucose. Paper chromatography of the products of larninarin hydrolysis revealed 
only one spot corresponding to glucose; there was no evidence for oligosaccharides of 
laminarin, thus suggesting the absence of appreciable levels of endo-fl-I,3-glucanase 
activity. 

fl-Glucanase in zoospores of P. palmivora 
The cell free extract from motile zoospores of P. palmivora contained laminarin- 

ase and laminaribiase activities in the IO ooo × g sediment and its supernatant. The 
supernatant also contained enzymic activity against fl-I,4-gtucan (acid-swollen 
cellulose) but not against fl-I,6-glucan (pustulan). The cytoplasmic glucan of P. 
cinnarnorni was slowly degraded. Glucosidase activity was also detected. Of the di- 
saccharides tested limanaribiose was most rapidly degraded followed by gentiobiose 
and cellobiose. 

Test of phosphorylase activity in P. pahnivora 
The possibility that  glucose polymers were utilized via phosphorylative degra- 

dation was explored. Neither the mycelium nor the zoospores gave any evidence of 
such activity. 
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