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GLUCOSYLTRANSFERASE ISOZYMES IN ALGAE* 
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Abatmct-Purified phosphorylase preparations from representative memben of tluw algal Groups were 
subjected to two-dimensional ekctrophoresis on polyacrylamide gel. Three groups of closely assoc&4 isc+ 
zymes were found in each prepamtion. Two isozymtx of the conventional phosphorylase type were present in 
preparations from blue-green and from green algae; only a single enzyme appcanxl in red algal preparations. 
Two isozymcs of the glucosyltransfemse type, utilizing either UDFG or ADFG as substrate, wem present in all 
three groups of algae. Each prepamtion examined by this orthacryl gel technique also showed the prwcnce of 
two or three isozymes capable of “branching” linear polyglucosidcs. 

INTRODUCTION 

hrwm, preparations of algal phosphorylase, when subjected to electrophoresis on 7% 
polyacrylamide gels using the disc technique of Omstein,’ yielded five closely associated 
enzymatic proteins ~‘isoxymes”?).2~ 3 

Fredrick’ has shown that the two slower anodic-moving proteins are “conventional” 
phosphorylases (a-l&glucan: orthophosphate glucosyltransferase, EC 2.4.1.1). These 
res:yg. 1) al and a2, are related to each other similar to the animal phosphorylases “a *’ 

“ . 
In recent studies, proteins a3 and a4 have been shown to be glucosyltransferases which use 

UDPG or ADPG for ~ubstrates.~ These two enzymes, (UDP-glucose: a-1,rlglucan a4gluc- 
osyltransferase, EC 2.4.I.II), are present in blue-green, red and green algae. In all cases 
either UDPG or ADPG can be utilixed by these enzymes as s~bstrates.~* 4S 5 

Protein a5 (see Fig. l), has been reported to be capable of synthesizing a-1,6 linkages 
between glucosyl residues, and thereby can convert linear maltodextrins to branched 
sugars. 2* 3- 5 This “branching” or “ Q ” enzyme is a-l ,4-glucan : 1 &lucar&glucosyl- 
transferase. 

The recent reports of the intimate association of polysaccharide synthesizing and degrad- 
ing enzymes with the polymers they act upon 6* 7 have raised serious doubts whether the five 
polyglucoside-metabolizing proteins reported in algal preparations are really “isoxymes” in 
the classical sense of the Marker? definition.s 

l Supported in part by a rexarch grant from the Dodge Institute for Advanced Studits, Boston, Mass. 
and Miami, Fla 
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66 1041 



1042 JEROME F. FREDRICK 

05 

+ 

“Phorphorylorrr” 

“Branching’ enzyme(r) 

FIG. 1. THJI FlVE GENERAL “LWZYMFS” SEPARATED BY DISC ELECTROPHORESIS FRObf THE PURIFIED 

‘~PHc6PX0RYLASZ” PR6PARATIONS OF ALGAE. THE ANODE (+) IS INDICATED, AND ‘ITiE ENZYMFS ARE 

GROUPED AS “~OSPH0RYLASES” (ai AND ad, GLUC~SYL-~NSFLRASE (a, .~JD a,), AND BRANC~G 

m(S), as. 

Raymond has recently devised a method for two dimensional polyacrylamide gel electro- 
phoresis, calkd orthacryl gel electrophoresis. 9* lo The technique is essentially that of carrying 
out electrophoresis in two different concentrations of polyacrylamide gel orthogonal to each 
other. Proteins which assume positions on a theoretical straight line passing through the 
origin of the original gel strip are of identical molecular size. Proteins falling on a curve 
tangent to the original gel strip are polymeric with regard to each other. 

RESULTS 

Figures 2-4 show the resulting patterns obtained after application of orthacryl gel electro- 
phoresis to “purSed” phosphorylase preparations from three different algae. Figure 2 
shows the results using phosphorylase isolated from extracts of the blue-green alga, Oscilfa- 
toriaprinceps. Figure 3 shows the pattern obtained from extracts of the red alga, Rhody menia 

pertusa, while Fig. 4 shows theresults fromphosphorylasepreparations ofSpirogyrasetiformis, 
a green alga. 

In all cases, enzymes as and a4 fall on a theoretical line (dotted) passing through the origin 
of the original vertical gel strip. But, nowhere do these enzymes appear to be related to either 
al, a2 or as. 

From the positions of enzymes al and a2 in Figs. 2 and 4, it is probable that they lie on a 
curve tangent to the original vertical gel position. 

9 S. RAYMOND, In Gel Efectrophoresis (Edited by J. F. FREDRICK), p. 350. New York Academy of Sciences, 
New York (1964). 

10 S. RAYMOND and M. NAKAMKXU, Anal. Biochem. 7,225 (l!W). 
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The as enzyme, which separated in the disc technique using 7% polyacrylamide gel as one 
homogeneous protein (Fig. l), appears to separate in the orthacryl gels as two or more dis- 

FIG. 2. ORTHACRYL GPL PAT~I!RN OBTAINED FROM THE BLUE-GREEN ALGA, OscUhor&a pr&tcqS. 
THE ASIPRISR (*) INDK!MEi THE ORIGIN OF ‘IID? PRGTEINS ON THE ORIGINAL VERTICAL STRIP. NUIE 

llUTa~ANDa~FAL.LONTHB -CAL LlNe @oTmD ) WHICH PASSE3 TmuxJQH THE ORIGIN. 

RQ. 3. o3rrnsxn PATIBRN OBTAINED FROM THE RED ALGA, lhnfpmenia pertusa. Nom THAT a3 

ANDa.,+FN.LONl?Ul mnTEDLlNETHR0DGHToxIGIN (‘). THEREL90NLY omFoRMoF3mxmionYL- 

MB” (a3 ~mmr lNlXlSALXiA. ~,NCYlETH4T?RANCHING” ENZYME, as, HAS TWO mGm~m 

IN THE 8 % OEL, BOTH OF WHICH SHOW RAPID ANODIC (+ ) MO-. 

Crete proteins. Note that in 0. princeps (Fig. 2) and in R. pertusa (Fig. 3), this protein has two 
components, while in the green alga, S. setiformis (Fig. 4), three components seem to be 
derived from this enzyme. All components in each case branched linear polyglucosides, the 
only requisite being that a-l &linkages be present in the linear chain. 
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FICJ. 4. ORTHACRYL PATIZRN OBTAINED mobs THE GREEN ALGA, Spirogvra seti/ormis. HIRE THE 
TANGENTIAL FCMTIONS OF THE l PHOSPHORyLAsEs", a, AND a2 CAN BE SEEN MORE CLEARLY. EN~ME 

a5 ?IAS DIVIDED mm THREE FRAGMENTS M THE 8 ‘A GEL. 

DISCUSSION 

There seems to be little doubt that the enzymes involved in the synthesis and degradation 
of polyglucosides are closely associated, not only with each other, but also with the products 
or substrates of their actions6* ’ It would appear that a similarity exists in the molecular 
weights and structures of these enzymes, permitting them to migrate together through various 
pore sizes of polyacrylamide gel.’ 

However, insofar as these algal enzymes are concerned, the intimate mixture of five 
“isozymes” previously reported,2-5 is actually a close association of two groups of isozymes 
containing two enzymes each, and a third group which may contain two or more similar 
enzymes. Proteins a3 and a4 are identical in molecular size (cf. Figs. 24). Raymond has shown 
that, using the orthacryl technique, those proteins falling on a theoretical straight line 
through the origin are identical in molecular size. 9 This has since been applied to enzymes 
such as the lactic dehydrogenase isozymes.lo 

Isozymes a3 and a4 also show the same preferences for the substrates, UDPG or ADPG. 
Both isozymes are capable of utilizing either diphosphoglucose ribonucleotide.’ This 
property has also been reported for the starch granule-bound glucosyltransferase of the maize 
embryo, where the Michaelis constants for UDPG and ADPG are identical.” 

The two slower anodic moving enzymes, al and az, appear to be related to each other much 
as the animal phosphorylases a and b with respect to their activity in the presence or absence 
of AMP.lZ It seems that their relationship with the animal phosphorylases is even closer. 
After orthacryl gel electrophoresis, they appear to lie on a curve tangent to their original 
vertical gel strip positions (Figs. 2 and 4). They have much the same properties as the poly- 
meric proteins reported in blood. This would fit in with previous data collected for animal 
phosphorylases. For example, the work of Krebs and his group I3 as well as the recent report 
by Livanova et a1.l4 indicate that phosphorylase b is composed of sub-units of 125,000 mole- 

11 T. AKATSUKA and 0. E. NELSON, J. Bioi. Chem. 241,228O (1966). 
I2 E. G. KRIIBS and E. H. FIXHER, Biochim. Biophys. Acta 20,150 (1956). 
l3 E. G. KREM and E. H. FISCHER, Am. N. Y. Acad. Sci. 88,378 (1960). 
l4 N. B. LI~ANOVA, A. D. MOROZKIN, V. Y. PKHELKMS and V. 0. SHPXITER. Bio&himiya 31,194 (1966). 
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cular weight, while phosphorylase u contains subunits arranged in a molecular weight of 
250,ooO. Hence, the animal enzymes appear to be polymeric; the algal enxymes al and as 
may well be related in the same fashion. 

The fastest anodic moving fraction, as (see Fig. l), although moving as a single protein 
in the 5% and 7% polyacrylamide gels, appears to split into two or three proteins when 
electrophoresis takes place at the same pH but in a gel concentration of 8% polyacrylamide 
(cf. Figs. 24). This fraction, as, when separated in 7% polyacrylamide by the disc method, 
was reported as synthesizing a-l : 6 linkages between glucosyl chains linked in a-l : 4 bonds, 
thereby “branching” linear maltodextrins. 3* 5 Particularly, the action of as was shown to 
convert amylose to an amylopectin-like polyglucoside. s Its unexpected splitting into two and 
three fractions during orthacryl gel electrophoresis indicates that this “branching” enzyme 
may therefore be composed of two or more isoxymes. 

Two recent reports point out the possibility that there may be different “branching” 
enzymes. Lavintman and KrismanlS reported a form of this enzyme which could convert 
amylose or amylopectin into phytoglycogen. This would incidate that its action differs from 
that of the previously reported “ Q ” enzymes. l&l9 Kjolberg and Manners 2o report an enzyme 
in yeast which can transfer branchedas well as linear chains of glucose molecules to a “primer “. 
Perhaps multiple branching enzymes would help to explain some of the diverse polyglucosides 
found in algae.21 From an evolutionary standpoint, the green algae form a starch which is 
very similar in composition to that of higher plants, while the red algae synthesize a starch 
which is devoid of amylose, and which resembles glycogen quite closely.22 A branched 
polyglucoside akin to glycogen is also synthesized by the blue-green alga, Oscilliatoria 

princeps.23 

Meeuse and Kreger 24 have shown that, using X-ray diffraction techniques, the basic 
structure of the algal starches is made up of a-l :4 linkages between glucosyl residues, and 
hence, any differences involved must be due to the degree of branching. Most storage poly- 
glucosides differ only in the length of the unit chain, as reported by Takabashi and 0n0.~~ 

It would appear therefore that, in general, any differences in the type of storage poly- 
glucoside formed is less dependent upon the actions of a-l : 4 synthesizing enzymes (such as 
isoxymes a3 and a4), and more on the a-l : 6 forming enzymes. This situation certainly seems 
to be the case with the three algae used in this present study. There do exist certain evolution- 
ary differences in the al-a4 enzymes of these three algae, but in general (cf. Figs. 2,3 and 4), no 
great interdivisional differences are apparent in these four enzymes. 

EXPERIMENTAL 

Alkaline extracts were prepared from cultures of Oscilkztoria princeps, Spiroeyra set$ormis and Rhoay- 
meniapertusa and the phosphorylase in the extracts was fractionated with ammonium sulfate and puritied until 

15 N. LAVINTMA N and C. R. KRISMAN, B&him. Biophys. Acta 89,193 (1964). 
16 S. PEAT, W. J. WHELAN and J. M. B-, J. Chem. Sot. 1422 (1953). 
17 S. NVSSENBAUM and W. 2. HASSID, J. Biof. Gem. 196,785 (1952). 
l*R.AIMIandT. M-, Proc. Crop Sci. Sot. Japan 26,245 (1958). 
19 S. A. BARKER, A. BEBBIN~T~N and E. J. BOURNE, J. Chem. Sot. 4051(1953). 
20 0. KK~LEERG and D. J. MANNERS, B&chem. J. 86,lO (1963). 
21 B. J. D. MEEUSE, In Physiology and Biochemivtry of Algae (Edited by R. A. LEWIN), p. 289. Academic 

Press, New York (1962). 
22 E. PERCIVAL, In Comparative Phytochemistry (Edited by T. SWAIN), p. 151. Aa~demic Reap, New York 

(1966). 
23 J. F. FREDRICK, Physiol. Pkmt. 6,100 (1953). 
24 B. J. D. MEBU~E and D. R. KReoe~, B&&m. B&phys. Acta 3!!,26 (1959). 
25 K. T- and S. 0~0, J. Biochem. (Tokyo) 59,290 (1966). 
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c~~to~~y homogeneous.2*4 Vertical gel e~pho~~s was carried out in a cell as described by 
Raymond.26 Gels were made up in the following buffer solution, which was also used for the electrophoresis : 

2-amino-2-hydroxymethyl propanediol-l,3 40 g 
Disodium EDTA 4g 
Boric acid 1.5g 
Water, deionixed to make 4 1. 

The pH of the buffer was exactly 9.30. 
The tirst ge1 contained 7.5 g Cyauogum41,O~1 ml ~ethyl~thylene diaminc (TMED) and 100 mg 

ammonium persutfate in 150 ml of the buffer. This set to a &m gel in 35 mm at 23”. After it had set, it was 
pm-run for 25 mm at 250 V, as recommended. At the end of this time, 0.10 ml of the pur&ied phosphorylase 
was added to each slot of the gel. The samples were run at 250 V for 23 hr, while water at 10’ was circulated 
through the system to prevent denaturation of the proteins in the gel. 

A strip was carefully cut out of this gel of exactly 0.5 cm x 10 cm. This was imbedded lengthwise in the 
second gel. The second gel consisted of 12.0 g Cyanogum41,0*2 ml TMED, 200 mg ammonium persulfate in 
150 ml of the same bufTer as above. Electronhoresis took uiace under the same conditions extent that the run 
was extended for 4 hr. 

The finished gel slabs were stained with amidoblackz or subjected to reaction with substrates as previously 
described by Fredrick.s 

26 S. RAYMOND, Chit. Chern. 8,455 (1962). 


