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Abstract--A method for the cry&&anon of a p-(1 + 3)-&~a.n phosphorylase (laminarm phosphorylase) 
from the golden brown alga Ochron~~nas malmen.~ IS described.. The enzyme! is optimally active at PH 5 5 
and at a temperature. of 22 5”. The apparent &,-values determmed for lammarm, -mor&uc phosphate and 
glucose-l-phosphate were about lo-” M, 2.5 x 10-l M and 12 x 10e2 M, respectively. The enzyme IS 
stimulated by low concentrations of AMP and mhiblted by hqh concentrauons of AMP. The apparent 
&-vah~. for thn activator was 4 x 10m5 M and its apparent &-value 2 x 10m2 M. 

INTRODUCTION 

ENZYMES, which catalyse the phosphorolysrs of ohgosaccharldes with j?-(l + 3)-glucosidic 
linkages have been described from various sources.1-3 More recently, Kauss and Krre- 
bitzsch4 demonstrated that Ochromonas malhamensis contams a srmilar enzyme which, 
however, can act on polysaccharides of the laminarm type. Such &(I + 3)glucans consti- 
tute the main reserve polysaccharrdes of diatoms, golden-brown, and brown algae.5-7 The 
purikation, crystallization, and some properties of this phosphorylase are reported in this 
paper. 

RESULTS 

As seen from Table 1, an overall purification of about 50-fold from the crude extract 
was aclneved by the usual methods (Fig. 1). Although the yield was low, the procedure 
resulted m a crystallization of the enzyme as fine needles (Fig. 2). Assuming the crystallme 
enzyme protein to be fairly pure with a specific activrty of about 10 units per mg protein the 
enzyme would constitute about 2-2-5 % of the extractable protein m the crude extract. 

Polyacrylarmde gel electrophoresis of the crystallme enzyme protein showed one faint 
band and a broad band. Visually, from the intensity of the stained bands and from the 
width of the bands, a punty of about 80 % or more was estimated. 
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FIG. 1. UU’lION PA-ITERN PROM DFL4E CELLULOSE CHR~MAT~ORAPHY. 

The clut~on pattern of the protein from the DE!AE column was done wrth a NaCl gradient as des- 
cnbed III the text. Protern was measured vvlth the method by Warburg and C%ri&anlb and the 

actrwty was assayed Hrlth assay A m each other fraction. 

TABLE 1. PUlUPIcAlTON OF THE b-(1 + 3)43LUcAN PHCSPHORYLASB: ‘ht ENZYME AcIlvITy WASTBSTEDWITH 

ASSAY A WITHOUT ADDITION OF AMP 

Step 

1 Crude 570 80 4560 1 71 975 021 (1) 
2. Protamine sulphate 600 65 3900 
3 PJH4)zSO, 72 110 792 2:: 

1800 046 2.16 
1856 232 10 8 

4. Acid step 70 50 350 25 5 1785 5 10 23 8 
5. DE!AE cellulose 50 16 80 102 510 6 38 29.8 
6. (NH,),SO, 63 22 138 228 143 6 10 35 48.5 
7. Fust crystals 10 75 75 820 820 10.92 510 
8. Second crystals 10 55 55 600 600 1092 510 

Some properties of the phosphorylase preparation are demonstrated by the expenment 
reported m Fig. 3. After the addrtron of lammarin the reaction rate is hnear for at least 5 
mm. Moreover, the curve shows that the enzyme requnes a primer, in this case laminarm, 
and that glucose-l-phosphate alone cannot act as a primer to start the reaction. Agure 3 
also shows (premcubation time) that the enzyme preparation IS free of any glucose-l- 
phosphate phosphatase whrch mrght have drsturbed the assay, thus ensurmg the enzynnc 
reactron of lammarm phosphorylase. In slmdar expenments It was found that the rate of 
enzyme reaction IS proportronal to the amount of enzyme protem. 

The reactron rate departs from hnearrty after about 5-7 min (Frg. 3), the exact trme 
depending on the concentratron of enzyme used. This is d&cult to explam since product 
mhibitron or a rapid decrease in substrate concentration can be excluded because the 
&,-values are m the mdhmolar regton and only a few nucromoles are measured in the test 
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FIG. 3. ENZYMIC AcrIvnY AS A ETJNCIION OF TIMB AND ACCiPlQR. 

Standard assay A conditions were used, incubation with enzyme m a total volume of l-5 ml remov- 
ing appropriate amounts of test mixture at the indxated time mtervaLs. After 10 mm the reaction 
WRSStRl-tCdWithl- as acceptor and agam 100 ~1 of reaction mixture each were removed. 
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Fxcs 4. TE~IPERATURB OPTIMUM OF THE ENZYME. 

The data were obtamed wth assay A by mcubatmg both the test muture and the enzyme solution 
separately at the desned temperature for at least 10 mm or longer before the m-action was started by 

addmg a constant amount of enzyme to the mdlndual tubes. 

assay. The enzyme seems to be specmc for glucose-l-phosphate, since glucosed-phosphate, 
glucose-1,6diphosphate, fructose-l-phosphate, fructose-1,ddiphosphate (all m a concen- 
tration of 2.5 x 10e2 M), could not replace glucose-l-phosphate as substrate. 

Both for laminarm synthesis and phosphorolysrs, a pH of 55 was found to be optimal, 
50 % of the maximum activity being achieved at pH 5.0. The activity increases rapidly up 
to pH 5.5, and decreases slowly with higher pH values. The enzyme seemed to be stable 
over several weeks even in crude extracts when kept between O-4”. Storage at -2O”, 
freezing and thawmg resulted m a greater loss of activity. 
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As seen from Fig. 4, optimum enzyme activity is reached at 225” and it decreases rapidly 
with increasing temperature. Less than 50% of the m-urn activity is reached at 27”. 
This unusual temperature sensitivity IS difficult to Interpret; it does not appear to represent 
an effect of the temperature on the stablhty of the enzyme. Thrs was confirmed m the follow- 
mg way. After the experiments were run, the same enzyme solutron, which had been incubated 
at the stated temperature for about 1 hr, was used for a second expenment in which the same 
activrty was observed as before. Thrs means that the enzyme was obviously not damaged 
during the incubation trme. Following thrs findmg, all experrments were run at 22.5”. 

The af%nitles of the glucan phosphorylase towards Its substrates lammarm, morganic 
phosphate, and glucose-l-phosphate were measured using Lmeweaver-Burk plots8 and 
were 1.6 g/l, 2.5 x 10m2 M and l-2 x 10B2 M, respectrvely. From the observed I&-value 
of l-6 g/l for lammarm the apparent &value in respect ot the endgroups can be calculated 
to be about 100~ M or slightly lower.4 The a&nty of the phosphorylase, therefore, seems 
to be greater for the polysaccharide than for glucose-l-phosphate. As the concentration of 
glucose-l-phosphate in the cells might be very low, this would favour degradation of poly- 
saccharrde. The enzyme would, therefore, mamly fun&on m the mobrhzation of the reserve 
polysaccharide. As the K,-values for the three substrates seemed to be rather high, an 
unknown factor appeared to be missmg from the enzyme preparatron. However, Mg2+ (in 
a concentration up to 10B2 M), EDTA (up to 2 x 10m3M), alone or in combination with 
each other, cysteine, vnamm Be, and pyrrdoxal phosphate (up to 5 x lO”j M) did not 
strmulate or inhrbrt enzyme actrvrty. 

A considerable increase of enzyme activity was observed when the incubations were 
carried out with increasing amounts of AMP (Fig. 5). The effect is optimal at a concentra- 
tron of about 10m3 M AMP and decreases sigmficantly at hrgher AMP concentrations. As 
seen from Fig. 5 a 2,1-fold Increase of the actrvrty can be achieved with the proper amount 

S=[M] AMP=1 

FIQ. 5. hFLUENC% OF AMP ON TEDI PHOSPHORYLASB REACI’ION. 

To the mcubatlon nurture of assay A mcreasmg B~OUII~S of AMP as h~d~c&d were added. The 
curve allowed to plot the data accordmg to Lmeweaver and Burk* to determme the apparent KM- 
vahe. (insert I) and apparent KI-value (msert II) for AMP The two curves m msert II show a com- 
p&ltive type of mhibltlon as derwed from two tierent glucose-l-phosphate levels m the expernnent : 
upper line represents changing AMP concentrations as m&cated at a concentration of 0.0125 M 
G-l-P; the lower lme resulted from a O-025 M G-l-P concentration at the indicated AMP levels. 

* H. LINEWEA~ER and D. BURK, J. Am. Chem. Sot. 56,658 (1934). 
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of AMP in the incubation mixture. The insert I in Fig. 5 allows the apparent &-value for 
AMP to be estimated as 4 x 1O-5 M using the data where the concentrations of AMP were 
less than 10m3M. For AMP concentrations hq$er than 10’3M, two experiments at different 
substrate levels (glucose-l-phosphate) are included in insert If of Fig. 5. They indicate 
that the inhibition is of a non-competitive type. 

A 2,2-fold increase of the enzyme act&y could be observed when enough AMP (10-j M) 
was added to the incubation mixture at optimal standard conditions (see also Fig. 5). 
However, we could not tid any effect of this activator on the apparent &-values of the 
phosphorylase m regard to its substrates laminarin, inorgamc phosphate and glucose-l- 
phosphate. 

All the experiments except Fig. 5 were performed wlthout the addition of AMP. Fig. 5 
shows that about half of the activity of the enzyme preparation can be measured w&out 
addtion of the activator. TIN could be explamed by the assumption that the phosphorylase 
even after the various purification steps stdl contams some AMP derived from the cells. 
Another possible explanation would be that part of the phosphorylase molecules are not 
subject to the activation by AMP but exist already m the cells in a form active without AMP. 
A similar case 1s well known for glycogen phosphorylase from muscle where one form 1s 
active only with AMP and the other form active wlthout AMP.g The elucidation of such 
regulatory aspects for the p-(1 ic 3)-glucan phosphorylase must awalt further experiments. 
Some prehminary data show that the actlvlty of the enzyme is possibly influenced also by 
ATP, ADP and 3’-5’-cychc AMP. 

EXPERIMENTAL 

Ochromonas was grown in the hght m 10 1. bottles under aeration and at room temp. (2&230) similar to 
the method employed by Kauss.‘O After 3-5 days the cells were harvested by centrifugation, washed ona 
wth cold water, and stored in a thick suspension at -20” m 0 05 M Tns-HAc buffer, pH 7 0. 

Assay A. The znixtux contamed m a final volume of 0 2 ml. 0 5 M Na-citrate btier, pH S-5.0 025 M 
glucose-l-phosphate, 3 mg/ml lammarin, and sutiiaent enzyme to yield about 0 01-O 08 units Incubation 
was for o-4 mm at 22.5”. The reactlon was termmated by ad&bon of 0.05 ml 50 % (w : v) TCA. The morganic 
phosphate liberated was determmed by the method by Fiske and Subbarow.” 

Assay B. The znixturc contamed m a final volume of @2 ml* 05 M Na-c&ate buffer, pH 5 5,O 05 M 
inorganic phosphate, 3 mg /ml lammarm, and sufliclent enzyme. After O-4 min incubation at 2.2 5” the reac- 
tion was stopped by heatmg the sample to 100” for 2 min. The hberated glucose-l-phosphate was measured 
m an ahquot by convertmg it to glucose6phosphate mth phosphoglucomutase (F!.C. 2.7.5.1) and subsa 
quently to 6-phospho-gluconate wth glucos&-phosphate dehydrogenase (E! C. 1 .l 1.49) and NADP 
according to X2 One umt of enzyme is de&& as that amount which l&rates 1 pmole of product per mm at 
22.5”. 

Protein u&ermrzon. The protem content was determined either by a moddied Bmret methodI or by 
measurmg at 280/260 nm I* 

Pzzrzficarzotz Procedure 

Unless othm stated, all steps were carried out at O-4”, all antiugations were at 48,000 g (O”), and 
buffers used throughout the pur&atton procedure were 0.05 M Tns-HAc, pH 7 0. 

1. Extrac~wzz of the enzyme. The thawed algal cells were dmupted by somfication with a BRANSON 
son&r for 15 set ( x 4) and 1 ml of dusopropyllluorphosphate WFP) was added to 11. of son&d algae. 
Cell debris was removed by antiugation for 15 mm. The supematant was fraction I. 

g H. Ho=, Adzmn Ensymo! 32,297 (1969). 
lo H K~uss. Z. Pzbzsenuh~swl 56.453 (1967) 
I1 C. H. FL& anh Y. S&&ROW, i. Bwi. Chem. 66,375 (1925). 
z2 A. MUNCH-PETEESBN, Acta Chem Scat& 9,1523 (1955) 
I3 A. K~6oma and M KLJNC+E=O, B&hem Z 344,317 (1966). 
I* 0. WARBURO and W. mw, Biochem. Z 310,384 (1941). 
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2. Protamine su&te. To fraction I O-2 vol. of 3 % protamme sulfate wss added at pH 6 9 and stured for 5 
mm The supematant from a ccntrrfugation for 10 mm was fraction II. Usually an mcrease of the enzymic 
actwity (about 2-fold) was observed d 

3. Arnmcniutn Jr&ate. Fractton II was brought to 33 % saturation by addition of @JI-I&SO~ls at pH 6-8 
and stured for about 30 min. After ccntrrfugation more salt was added to the supematant to bring the satura- 
tron to 0 5. The precipitate was taken up in a smallest possrble volume of buffer and dralysed against two 
changes of buffer overmght (fraction III). 

4. Acti treutmnt. Fractton HI was brought to pH 4 3 with concentrated acetic actd and stured for 5 min. 
The resulting precipitate was ducarded. The supematant, m-adjusted to pH 7.0, was fractron IV. 

5. DEAE cellulose chromatography. Fractron IV was placed onto a DEAEkohmm (2 x 50 cm) and washed 
with about 11. of buik Then a lmear gradrent was apphed: 250 ml of butkr m a mixmg Sash and 250 ml 
of buffer contammg 0 25 M NaCi m an overhead contamer. Fracttons of about 7 ml were collected and 
assayed for activity and protcm. The active fractrons were pooled, yrelding fraction V. 

6. Concentratwn wrth ammomum sulfate. Fraction V was brought to 50% (NH&SO4 concentration and 
the pellet e&acted 3 times wrth cu. 2 ml of cold water. The pooled supematant constituted fraction VI. 

7. Crystallization. Fraction VI was allowed to stand at room temp overnight. The crystals which formed 
were collected by centrrfugation for 15 min at SOW rev/min at room temp. and taken up in cc. 1 ml iaxold 
water. Denatured protein was removed by ccntrifugation in the cold. The clear supematant was fraction VII. 

8. RecrystaNzattio. For recrystaliizing, the enayme fraction VII was treated as before. 

Is L. NODA and S. A KIJBY, J. Biol. Chem. 266,541 (1957). 


