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Abstract-Multiple forms of a-glucan phosphorylase isolated from mature banana fruit pulp differ from each other 
in several respects-pH optimum, temperature optimum, energy of activation, primer specificity, kinetics, and sensi- 
tivity towards metal ions, nucleotides, sugar mucleotides, amino acids, glycolytic intermediates, sulfhydryl binding 
agents, sulfhydryl reagents and phenolics. 

INTRODUCFION 

The occurrence of multiple forms of phosphorylase has 
heen demonstrated in several animal [l-4] and plant 
tissues [5-123. In animal tissue they exist in two forms, 
one an ATP independent “active form” and the other 
an AMP dependent “inactive form” [24]. The intercon- 
version of these forms regulates the degradation of gly- 
cogen [24]. In plants such a mechanism has not been 
reported. Instead the regulation of starch metabolism 
could occur by multiplicity of a-glucan phosphorylase. 
In a previous paper [ 123 characterization and separation 
of multiple forms of a-glucan phosphorylase from mature 
and immature banana fruit pulp were described. One 
of the forms was allosteric in nature and thought to regu- 
late starch metabolism [13]. The present communication 
presents studies on the three forms of the enzyme from 
mature banana fruit pulp. 

RESULTS 

The following studies were carried out on three multi- 
ple forms of phosphorylase (A, B and C), isolated from 
mature banana fruit pulp [12], under conditions of 
linearity with respect to enzyme concentration and time. 

Freedom from contaminating enzymes 

All three enzyme fractions were free from phosphoglu- 
comutase, glucosephosphate isomerase, unspecific phos 
phatase, ATPase, branching enzyme, amylase, all tested 
at the optimum pH of phosphorylase. No activity for 
Q-enzyme could be detected at pH 6, under the condi- 
tions of phosphorylase assay or at pH 8 in fractions con- 
taining phosphorylase A or phosphorylase B activity. 
The Q-enzyme activity was detected in the fraction con- 
taining phosphorylase C activity, tested at pH 5.5 with 
amylose as a substrate. The enzyme activity, however, 
could not be detected with amylopectin or starch as a 
substrate. 

-Enzyme stability 

All three fractions were stable for at least one month 
when stored at O-4”. Phosphorylase A and phosphory- 

lase C were also stable at - 18”. Freezing of phosphory- 
lase B for 24 hr at -20” and thawing once led to 34% 
loss in its activity. Dialysis of phosphorylase A and phos- 
phorylase C for 24hr against water did not alter the 
activity. However, phosphorylase B activity was com- 
pletely lost on dialysis against water for 12-16 hr at O-4”. 
The activity was not restored when the enzyme prep 
aration was preincubated with 5 mM pyridoxal phos- 
phate, AMP or ATP or 1OmM cysteine. Addition of 
0.3 M (NH,&SO, Na,SO,, MgSO, and NaCl also did 
not restore the enzyme activity. 

pH-actioity relationship 

The enzyme activity was determined using 0.5M 
citrate bulfer in the pH range 46.2 and 0.5 M Tris-HCl 
buffer in the range 7.2-9.5. The optimum activity of 
phosphorylase A and phosphorylase C was found at pH 
5 and 5.5 respectively. Phosphorylase B, on the other 
hand, showed broad pH optimum in the range 5.562. 
Lee [14] reported a sharp pH optimum at 6.5 for puri- 
fied potato phosphorylase. The following experiments 
with phosphorylase A, B and C were carried out at pH 
5, 6 and 5.5 respectively. 

Primer specjficity 

In addition to soluble starch, the three fractions could 
utilize dextrin. As compared to soluble starch, dextrin 
though equally active for phosphorylase B on an equal 
weight basis was 12 and 50% less active for phosphory- 
lase A and phosphorylase C resp. (Table 1). Phosphory- 
lase A and phosphorylase C could utilize glycogen as 
a primer though less elhciently than starch but phos- 
phorylase B was completely inactive with glycogen. In 
contrast to phosphorylase B, phosphorylase A and phos- 
phorylase C could utilize achrodextrin and maltose as 
primers. None of the three forms exhibited activity in 
the absence of primer. 

Identification of product 

When maltose or achrodextrin was used as a primer, 
the product of phosphorylase A reaction gave a blue 
coloration with iodine (maximum at ca 650mn). The 
product thus appears to be a-1,4-ghtcan. However, the 
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Tabie 1. Primer specificity 

Phosphorylase 

Primer 
A 3 c 

Activity, units/ml 

Nil Nil Nil Nif 
Starch 23.0 3.7 11.0 
Glycogen (Oyster) 6.4 Nil 2.3 
Dextrin 20.2 3.7 5.5 
Achr~ex~n 12.9 Nil 8.3 
Maltose 10.6 Nil 7.8 

One mg of polysaccharide or maltose was used in the assay 
system. Achrodextrin was prepared from soluble starch as de- 
scribed by Porter [37]. 

product of phosphorylase C reaction with maltose or 
achrodextrin as a primer, gave a purple coloration with 
a broad peak in the range 530-56Onm. The product 
appears to be amylopectin. This is unders~n~ble since 
phosphorylase C fraction also contains Q-enzyme. 

Test for phosphorylase in the direction of starch degrada- 
tion 

To test the reaction in the direction of starch degrada- 
tion, the enzyme activity was followed by the disappear- 
ance of the starch-iodine complex. The results indicate 
that the reaction was linear for at least 30 min with the 
three forms of phosphory~~. 

Influence of temperature 

The reaction was initiated by the addition of enzyme 
and not the substrate. The reaction velocity increased 
with rising temperature and optimum activity of phos- 
phorylase forms A, B and C were obtained at 45”, 35” 
and 50” resp. (Fig. 1). 

For calculating the energy of activation the values for 
logarithm of reaction velocity against reciprocal of abso- 
lute temperature was plotted. Phosphorylase A and 
phosphorylase C showed a sharp discontinuity at 35’ 
and thus gave two distinct lines for each forms of the 
enzyme. Both of these forms were stable when stored 
at 45” for 3Omin. For ph~pho~las~ A, the E values 
were 20240 cal/mol between 15 and 35” and 6440 cal/moI 
between 35 and 45”. The E values for phosphorylase C 

Temperature. *C 

Fig. I. 
UDP-Glucose inhibited the activities of phosphorylase 

A, phosphorus B and p~phoryl~ C by 43,27 and 

were 22080 cal/mol between 15 and 35” and 4600 cal/mol 
between 35 and 50”. Pbosphorylase B, however, did not 
show a break in the plot and gave an E value of 
166OOcal/mol between 15 and 35’. At temperatures 
above 35”, there was inactivation of the enzyme. 

Efleect of metal ions and of c~etati~ agents 

The effect of MgCI,, CaCl, and CuS04 and of metal 
chelating agent, EDTA, was tested at 1 and 5 mM concn. 
Mgzc, Ca2+ and Cu2+ did not produce any signiticant 
i~bition or activation. EDTA at 5 mM concn produced 
46% activation of phosphorylase C, but activities of 
phosphorylase A and phosphorylase B were not signifi- 
cantly activated. The activity of phosphorylase C was 
not ir&uen~ by Hg’+ but the activity of phosphory~a~ 
A was inhibited 21% at 0.05mM concn. Phosphorylase 
B was most sensitive and 73% inhibition occurred at 
0.05 mM WgC12. 

Effect of g~yc~~ytic int~d~tes and of ~g~~ose 

The effect of glycolytic intermediates, fructose 1,6-P2, 
glucose-6-P and 3-phosphoglycerate and of ~-glucose 
was studied at 1 and 5 mM concn. None of these com- 
pounds inhibited or activated any form. 

Eff;rct of AMP, AR) and of pyridoxal phosphate 

AMP and ATP did not show significant effect on 
phosphorylase A and phosphorylase C activities when 
tested in I and 5mM concn. Phospho~~a~ 3 was 
slightly inhibited by AMP; at 5 mM AMP the inhibition 
was 18%. ATP proved to be a potent inhibitor of phos- 
phorylase B and inhibited 20 and W”/, at 1 and 5mM 
resp. Pyridoxal phosphate did not significantly alter the 
activity of any of the three forms of phosphory~~. 

Effect of amino acids 

DL-Serine, oL-leucine, DGsoleucine, DL-methionine, 
r+ornithine and L-argmine did not activate or inhibit 
the rate of reaction of any of the three forms of phos- 
phorylase when present in assay system at a Anal concn 
of 1 and 5mM. In contrast to phosphorylase A and 
phosphorylase C, which were unat%cted also by aromatic 
amino acids, pho~ho~la~ B showed 48, 33 and 41% 
inhibition in the presence of L-tyrosine, DL-phenylalanine 
and or_-tryptophan respectively, when tested at 1 mM 
concn; increasing the concn of amino acids to 5mM 
resulted in 90-97x inhibition. 

Effect of sul~ydry~ binding agents and of su~hy~yl re- 
agents 

None of the three forms of phosphorylase was inhi- 
bited by 1 mM ~~~ororner~i~~oa~ (PCUB) in the 
assay system. Preincubation of the enzyme with 1 mM 
@MB for 90 min at 30” did not signibcantly affect phos- 
phorylase A and phosphorylase C activities but the acti- 
vity of phosphoryfase B was inhibited by 34%. Iodoace- 
tate in 1 or 5 concn and ~-e~y~~le~de in 0.5 and 
1 mh4 concn did not inhibit the activity of any of the 
three enzymic forms. 

Sulthydryl reagents, such as L-cysteine, /3-mercaptoeth- 
anol or reduced glu~thione did not intluencc the enzyme 
activity when tested in 1 and IOmM concn. 

Effect of sugar nucleotides 



Table 2. Effect of sugar nucleotides 

Phosphorylase 

as a good primer for phosphorylase A. At a fixed concn 
of glucose-l-phosphate, the data indicates the lowest K, 
value for starch followed by maltose and glycogen. Mal- 

sugar 
nucleotide 

Nil 
UDP-Glucose 

ADP-Glucose 

Concentration A B C 
tose also acts as a good primer for phosphorylase C, 

(mM) Activity, units/ml although the a&&y for glucose-l-phosphate was higher 
in the presence of starch compared to maltose. 

20.2 3.9 11.0 The K, value for glucose-l-phosphate with starch as 
1 11.4 2.8 9.1 a primer was lowest for phosphorylase A, followed by 

10 6.0 0.9 8.0 phosphorylase C and phosphorylase B. 
1 17.0 3.5 9.1 
5 11.0 3.0 5.2 

DISCUSSION 

Mature banana fruit pulp contains three forms of 
18% respectively at 1 mM concn; increasing the concn starch phosphorylase, which are separable by ammonium 
to 1OmM resulted in 70-74x inhibition of phosphory- sulfate fractionation and DBAEcellulose chromatogra- 
lase A and phosphorylase B, but phosphorylase C was phy [12]. These forms can be distinguished on the basis 
inhibited only 27% (Table 2). ADP-Glucose showed of some of the properties. Differences were observed in 
slight inhibition (10-17x) at 1 mM concn, but at 5 mM optimum pH, optimum temperature, stability at different 
concn the sugar nucleotide inhibited phosphorylase A, temperature, primer specificity, response towards EDTA 
phosphorylase B and phosphorylase C by 45, 21 and and Hg’+, and inhibition by nucleotides, aromatic 
52”/, respectively. amino acids and phenolics. 

Eflect of phenolic compounds 
The energy of activation of glycogen phosphorylase 

from rabbit muscle is 212OOcal/mol [15]. In contrast 
These studies were carried out by keeping the protein phosphorylase A and phosphorylase C from banana fruit 

concn of the assay system equal, either by taking enzyme gave two values for energy of activation. The two energy 
containing tire same amount of protein in the assay sys- 
tem or by externally adding bovine serum albumin. 
Simple monohydroxyphenols in 10 mM concn inhibited Table 3. Kinetic parameters of multiple forms of a-&can 
phosphorylase A, phosphorylase B and phosphorylase C phosphorylase 
by 50, 40 and 65% respecitvely. Resorcinol, a dihydroxy- 
phenol, when used in 1 mM concn inhibited phosphory- Substrate V y, 

lase A and phosphorylase B by 50% but phosphorylase or qnol PI formed/ 

C was inhibited by only 23%. Another dihydroxyphenol, 
Phosphorylase primer &I 30 min/mg protein 

pyrocatechol, in 10 mM concn inhibited phosphorylase A Glucose-l- 
A and phosphorylase C by 50 and 45% respectively, but 
the activity of phosphorylase B was inhibited 73%. The 

phosphate 
(starch) 1.4 mM 2081 

trihydroxyphenol, phloroglucinol, in 1 mM concn pro- Glucose-l- 
duced 13 and and 20% inhibition of phosphorylase A 
and phosphorylase C respectively, but phosphorylase B 

phosphate 
(glycogen) 5.0 mM 831 

was inhibited 400/ 
Tannic acid (5 a) completely inhibited phosphorylase 

Glucose-l- 

B but phosphorylase A and phosphorylase C were inhi- 
phosphate 
(maltose)* 2.2 mM 1130 

bited only 63 and 50% respectively. No sign&ant inhibi- 
tion or activation of phosphorylase A and phosphorylase 

Ghtcose-l- 

B was observed in the presence of pcoumaric acid, caf- 
phosphate 
(maltosefl 4.2 mM 

feic acid and cinnann ‘c acid tested in 1 and 10 mM concn. 
The activity of phosphorylase C was not markedly 

Starch 02424gjl 1560 

altered in the presence of calTeic acid and p-coumaric 
Glycogen 1.1 g/l 781 

acid, but cinnamic acid produced 25% inhibition in Maltose 0.66 )zJl 1250 

1 mM concn. The glycoside, phloridzin, in 1OmM concn B Glucose-l- 
inhibited phosphorylase A, phosphorylase B and phos- phosphate 

phorylase C by 86, 69 and 76% respectively. (starch) 3.3 mM 775 

Starch 0.95 s/l 775 
The effect of primer and substrate concentiation C Glucose-l- 

The substrate saturation curves for glucose-l-phos- phosphate 
phate with different primers as well as the primer satu- (starch) 2.7 mM 500 
ration curves at a fixed concn of glucose-l-phosphate Glucose-l- 
were hyperbolic in nature for all the three forms of phos- phosphate 
phorylase. The kinetic parameters are summarized in (maltose) 4.0 mM 415 

Table 3. Starch 1.21 aJl 625 
The data indicate highest affinity of phosphorylase A Maltose 

for glucose-l-phosphate when starch was the primer, fol- 
1.33 g/l 415 

lowed by maltose and glycogen. The Pi liberation as well *Enzyme assayed by Pi liberation. tEnzyme assayed by 
as the formation of amylose and the low K, value for amylose formation. Fixed concentration of glucose-l-phos- 
maltose compared to glycogen indicate that maltose acts ohate was 3.3 mM and primer was 1 mg/assay system. _ -. 

a-Glucan phosphorylase in banana 1449 
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of activation with transition occurring at 35” may not 
be due to the decreased stability of the enzyme, since 
both the preparation were stable when tested at 45’ for 
30min. These forms of the enzyme may have two active 
conformational states with different activation energy 
and the di~n~uity in the Arrhenius plot may result 
from a reversible transition from one state to another. 
Amylases, mitochondrial and some other enzymes show 
this phenomenon of two activation energies f&-19]. 

Phosphoryla~ A and phosph~yla~ C utilized gly- 
cogen, achrodextrin or maltose as a primer, in addition 
to starch and dextrin. The K,,, value of phosphorylase 
A for glycogen (1.1 g/l.) was more than that for starch 
(0.24g/l.) and for maltose (0.66g/l.), indicating lower 
a~~ for glycogen. Pho~ho~~~ B was inactive with 
glycogen, achrodextrin or maltose as a primer. Glycogen 
serves as a primer for some plant phosphorylases [20,21] 
but its utilization by potato enzyme has been questioned 
by Fischer and Helpert [22], who observed glycogen as 
a primer only in the presence of trace cont~~ation 
of starch type polysaccharide. Gerbrandy and Doorgeest 
[S] reported two isoenzymes of phosphorylase from 
potato tubers which were active with glycogen. While 
saccharides of higher degree of ~ly~~tion are uti- 
lized by phosphoryfase B, phosphorylase A and phos- 
phorylase C could also use malto oligosaccharides of low 
degree of polymerization. The complete absence of cata- 
lytic activity of the three forms of the enzyme without 
primer indicates the absence of primer-less form of phos- 
phorylase in banana. 

enzyme suggested diflerent ph~~lo~ roles for the 
multiple forms of phosphorylase in banana fruit. 

PIant. Banana lingers (Mlw p~~rs~~ cooking variery) 
were collected immediately before use from plants grown in 
the departmental garden. Banana fingers, 6065 days old, hav- 
ina a uulo to neel ration of 1.3-1.5 were used. 

&&nd as&. u-&can phosphorylase. Enzyme activity was 
assaved as described earlier f121. NaF (2OmMI was added 
to inhibit phosphatase act&$ i>ne unit of the’enzyme was 
equivalent to the liberation of 1 ,umol of Pi in 30mi.n at 30” 
under the experimental conditions. In some experiments the 
enzyme was assayed by determining the polysaccharide 
formed, using maltose as a primer. The enzyme assay was 
carried out as above, but the reaction was terminated on heat- 
ing at 100” for 3Osec and amylose formed was determined 
according to ref. (26), using the Iz reagent. The unit of phos- 
phorylase was expressed as 1 ~cg equiv of soluble starch under 
the experimental conditions. Sp. act. of the enzyme was 
expressed as units per mg protein. 

The phosphorylase in the direction of starch de8radation 
was followed by the disappearance of the starch& colour com- 
plex. The incubation mixture contained 0.5 ml of 1% soluble 
starch, 2 ml of 0.2 M Pi buffer, pH 6.2, 0.6 ml of 0.2 M NaF, 
enzyme and Hz0 to 6ml. While the reaction mixtures were 
incubated at 30”, 1 ml aliquots were removed at the time indi- 
cated and mixed with 0.1 ml KI/I, reagent. The resulting soln 
was diluted to 1Oml with H,G and read against a reagent 
blank (660 nm). 

A striking difference between three forms of the 
enzyme was the sensitivity towards aromatic amino 
acids. Whereas, phosphorylase B activit$ was powerfully 
inhibited by phenyl~~ine, tyrosine and t~ptoph~, 
phosphorylase A and phosphorylase C activities 
remained unaltered in the presence of amino acids. Blank 
and Sondheimer [U] found the activity of potato phos- 
phorylase unaltered or slightly elevated in the presence 
of 1 mM tyrosine. 

There were also similarities amongst the three forms 
of starch phosphorylase. All the forms exhibited activity 
with starch or dextrin as a primer. The substrate satu- 
ration curves for glucose-1-P in the presence of starch 
or other primers were hyperbolic in shape indicating 
classical kinetic. None of the glycolytic intermediates 
tested inhibited or activated any of the forms of phos- 
phorylase. D-chzoSe is known to inhibit potato phos- 
phorylase [22]. In contrast, none of the forms of banana 
phosphorylase was inhibited by D-&mxe. AU the three 
forms of banana phosphorylase were inhibited by UDP- 
glucose and ADP-glucose. The sulfhydryl finding agents 
or the s~~y~l reagents did not show any ~~~c~t 
effect when added in the assay system of any of the three 
forms of phosphorylase. It appears that suhhydryl groups 
are not involved in enzyme catalysis. It is pertinent to 
note that potato phosphorylase is inactivated by pCMB 
and contains six moles of -SH groups per mole of protein 
[14]. All the three forms were sensitive to pNori&in 
and therefore, resemble muscle phosphorylase [24] and 
potato phosphorylase &25]. In this respect Fischer and 
Nilpert t221 reported that potato phosphorylase in its 
pure form was not inhibited by phlorid~in. 

U&r enzymes. The foilowing enzymes were assayed under 
optimum conditions and also under the assay conditions of 
cc-glucan phosphorylase. Phosphoglucomutase and phospho- 
hexoisomerase were assayed according to ref [271; unspecific 
phosphatase according to ref [28] using glucose~l-phosphate 
or ~-~~rophosphat~ as the substrate; ATPase according to 
ref [29]; Q-enz$me according to ref [30]; and amyl&es 
according to ref [31] based on reducing sugar estimation and 
also according to ref [32] by measuring the disappearance 
of the b&e colour complex using amylose, amylopectin or 
starch as a substrate. The assay of branch~ enzyme was 
carried out according to ref [33], but at pH 6 and using amy- 
lose or amylopectin as a substrate. The assay was also carried 
out according to ref [34] using 80mM glucose-l-P adjusted 
to pH 6. 

Protein ~te~~~t~n. The TCA protein ppts were washed 
according to ref [3ZJ and protein estimated according to ref 
[36]. Bovine serum albumin was used as a standard. 

Pwzjkation of a-&can phosphorylase. Three forms of a-glu- 
can phosphorylase were isolated from mature banana pulp 
as described in ref [12]. 
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