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1. Introduction 

Action patterns give the number of glycosyl units 
that are transferred by a glycosyl transferase to and 
from a polysaccharide. Three mechanisms are general- 
ly considered [l-3] : i) Glucose residues are added to 
or removed from one chain successively. ii) Glucose 
residues are transferred randomly to or from all avail- 
able chains and iii)more than one glucose residue is re- 

moved or added randomly at each step to all available 
chains (multirepetitive attack). This is represented in 
the scheme (fig. I). Transfer at random(i.e. ii and iii) 
may be treated according to Poisson’s distribution 
law. In the equation used by Parodi et al. [3] C+ is 
the number of chains which have participated in trans- 
fer. C, remains constant and is the number of avail- 
able chains and N is the total number of glucose resi- 
dues added or removed: C+ = Ct(l-e-(N/Ct)); for 
mechanism iii this equation becomes: C+= 
Ct(l-e-(N/ct.n)); where n is the number of residues 
transferred at each step. 

Rabbit skeletal muscle phosphorylase (EC 2.4.1.1; 
cw-1-4-glucan: orthophosphate glucosyltransferase) cat- 
alyzes the reaction: 

Glycogen(,) + PicX, * Glycogen(n_Xj + Glucose-I-P(,) 

Parodi et al. [3] found an average of 1.2 to 1.4 glyco- 
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Ordered Single Chain Mechanism 

Random Multichain Mechanism 

Random Multirepetitive Mechanism 

Fig. 1. Possible mechanisms of glycosyl transfer. 

syl units per step transferred by phosphorylase b. The 
action pattern did not appear to be much influenced 
by the glycogen preparations, which were used in that 
work. We have studied independently action patterns 
with crystalline phosphorylases b and a, and different 
glycogen preparations but mainly in the physiological 
direction of glycogen breakdown and have obtained 
values of n ranging from 1.2 to 1.6 (G. Eckert and 
D. Palm, unpublished experiments, 1970 [4] ). Since 
the earlier experiments gave similar action patterns in 
the direction of synthesis and degradation mainly gly- 
cogen synthesis was followed in the present work. In 
order to see whether the deviation from 1 (or any 
integral number) might reflect variations in the reac- 
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tivity among glycogen chains, experiments with the 
protein glycogen complex, prepared from rabbit mus- 
cle according to Meyer et al. [.5] were carried out. It 
was assumed that in this particle which closely resem- 
bles the native state the primer specificity of available 
chains may be more uniform as is the case in the en- 
zyme-substrate complex formed from its isolated com- 

ponents in vitro. The results have confirmed this view. 

2. Materials and methods 

Phosphorylase b was prepared from fresh rabbit 
skeletal muscle [6] . It was recrystallized at least three 
times. Phosphorylase (I was prepared from phosphoryl- 
ase b with phosphorylase b kinase, ATP and Mg2+ 
and separated from the other proteins by repeated 
crystallization [7] . The protein-glycogen particle 
was prepared from rabbit skeletal muscle [5] . The 
preparation was used fresh to minimize amylase action. 

Glycogen from rabbit liver (grade I, Boehringer) was 
free of 5’-AMP. The nonreducing terminal glycosyl 
residues were determined with periodate and found 
to be 5.73 f 0.38% [8] . The molecular weight distri- 
bution was determined by sucrose (lo-40%) density 
gradient centrifugation according to Mordoh et al. 
[9] (see fig. 2). Glycogen concentrations were deter- 
mined by dry weight [l l] . They are expressed in 
terms of nonreducing terminal glycosyl residues: (1 g/ 
100 ml = 3.5 X 10e3 M). Glc-1-P-Na, ATP and other 
substrates were purchased from Boehringer. [U-14C] D- 
Glc-I-P-K, 233 mCi per mmol, methyl [U-14C]a-D-glu- 
copyranoside, 3 mCi per mmol, were obtained from the 
Radiochemical Centre, Amersham. All other reagents 
were of the purest available grade. 

Phosphorylase activity was measured in the direc- 
tion of glycogen synthesis in the presence of Glc-1-P. 
Pi liberated was analyzed according to Fiske and 
Subbarow [ 121 using an automated procedure [ 131. 
Protein concentrations were determined using 
E1scm -’ = 13.2 [ 141 . Phosphorylase activities in the 
protein glycogen complex were measured by the in- 
corporation of [U-14C]Glc-l-P into glycogen [15]. 

For determining action patterns the reaction was 
carried out except as stated otherwise, at 31°C and 
pH 6.8 in 5 ml of a solution of 10 mM glycerol-2-P, 
2 mM EDTA, 1 mM 2-mercaptoethanol, 2.2 mM 5’- 
AMP, containing 10 mg glycogen and 5 PCi = 21.5 
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Fig. 2. Molecular weight distribution of rabbit liver glycogen 

(Boehringer, grade I). Sedimentation coefficients were deter- 

mined in a SW 50.1 rotor at 20 000 rpm from 30 to 120 min 

at O’C; s20,~ values were calculated according to McEwen 

[lo]. Approximate molecular weights (g.mol-’ ) were caku- 

lated as described by Mordoh et al. [9]. On the ordinate gly- 

cogen is expressed in % of total added. 

nmoles [U-14C]Glc-l-P. Phosphorylase b and a con- 

centrations ranged from 2.2-l 1 and from 0.5-l pg 
per ml (1 O-* M) respectively. With phosphorylase II, 
AMP was omitted. In the linear range of the rate 

curves up to 6 samples were withdrawn at different 

time points. Each experiment was run in duplicate or 
triplicate. The reaction was stopped by heating the 
samples for 2 min in a boiling water bath. Glycogen 
was isolated from the reaction mixture by addition of 
1.1 times the volume of anhydrous ethanol and centri- 
fugation in the cold. The glycogen pellet was redis- 
solved in 2 ml H20, reprecipitated and washed re- 
peatedly with 60% (v/v) ethanol to constant specific 
radioactivity with a total recovery of 91-99%. Glyco- 
gen samples dried in a desiccator, were carefully 
weighed for the preparation of 2% stock solutions. 
Aliquots, 0.05 ml and 0.1 ml respectively, were coun- 
ted and treated with NaIO,. A suspension of the pro- 
tein glycogen complex (0.2 ml) containing about 2 
mg of endogenous glycogen was supplemented by ad- 
dition of substrates and salts to a final concentration 
of 2.1 mM CaCl,, 10 mM Mg acetate and 0.5-6 FCi, 
i.e. 2.2-25.8 nmoles [U-14C]Glc-l-P, pH 6.8, and to 
a total volume of 0.23-0.26 ml. The reaction was 
started with 10 ~1 of a 0.1 M ATP solution. After 30 
to 40 set at 30°C the reaction was stopped with 0.2 



Volume 33. number 2 FEBS LETTERS July 1973 

ml M HClO,. The reaction mixture was neutralized 
with K2CO3, and the denatured protein and KClO, 
were removed by centrifugation in the cold. Glycogen 
was isolated from the supernatant as described. The 
extent of the reaction was set by the Glc- 1 -P concen- 
tration. The specific radioactivity and the concentra- 
tion of Glc-1-P in each sample were determined mak- 
ing allowance for endogenous Glc-I -P in the particle 
suspension (usually about 3 X 10e5 M, as determined 
spectrophotometrrcally in a coupled enzyme assay 

[161). 
The terminal, nonreducing glycosyl residues were 

determined as described [3,8] . Radioactive formic 
acid was separated from the other radioactive material 
by paper electrophoresis as described by Parodi et al. 
[3] or by chromatography on Sephadex G-25. The 
formic acid peak was cut out and counted either in a 
toluene:Triton X-100 1: 1 (v/v) mixture or in 
“Instagel” (Packard Co.) in a Packard Model 3380 liq- 
uid scintillation spectrometer. The usual corrections 
for quenching, background and efficiency were ap- 
plied. The percent incorporation of terminal glycosyl 
residues was calculated by multiplying the radioactivi- 
ty of the formic acid (cpm X pmoles- l) with the fac- 
tor 6 and dividing it through the total radioactivity of 
the glycogen sample (cpm X pmole- l). As a control, 
methy1-[U-14C]cw-D-glucopyranoside was treated with 

periodate and the reaction product subjected to elec- 
trophoresis under the same conditions. 

The distribution of the incorporated [ 14C] glycosyl 
residues in glycogen was determined according to [3] 
(see also Introduction). Assuming random incorpora- 
tion, the probability of all transfer steps is given by 
the Poisson distribution. In this case and when N is 
small, the number, n, of glycosyl residues incorpo- 
rated in each step may be calculated from the expres- 
sion: n = N/C+. Thus when the extent of incorpora- 
tion is very small as was the case in our experiments 
(N 5 1% of all terminal glycosyl residues in glycogen), 
the extent of chain elongation can be calculated from 
the fraction of labeled terminal glycosyl residues. Cal- 
culations were carried out with a Wang 720 B calcula- 
tor. For further details and the method of graphic ex- 
trapolation used for the determination of n, the orig- 
inal paper of Parodi et al. [3] may be consulted. 

For the preparation of labeled glycogen for degra- 
dation studies, 50 mg glycogen, 5&500~mol Glc-1-P 
and 20 PCi [U-14C]Glc-1-P were incubated in 10 ml 

l/N Inmlll 

Fig. 3. Experimental determination of action patterns from 

the ratio of incorporation of [“C]glucose into terminal posi- 

tions during glycogen synthesis catalyzed by (A) phosphoryl- 

ase b; (B) phosphorylase a; and the (C) glycogen-protein com- 

plex. The reciprocal of total uptake (l/N) and the fraction in- 

corporated into the terminal residues (l/C+) are given on the 

abscissa and ordinate, respectively. 0, o, A Data from several 

independent series of experiments. The action patterns corre- 

spond to the slopes of the regression lines. The ordinate inter- 

cepts in C indicate that the glycogen chains in the complex 

are available to phosphorylase to a variable degree. The slopes 

are the same. 

of 50 mM glycerol-2-P, 2 mM EDTA and 2.5 mM 5’- 

AMP buffer, pH 6.8 with phosphorylase b. The reac- 
tion was terminated after incorporation of less than 1 
glucose unit per nonreducing terminal glycosyl resi- 

dues. 
In one case nonradioactive Glc-1 -P was added in 

large excess in order to elongate the chains before in- 
corporation of glucose from labeled Glc- 1 -P. Degrada- 
tion to varying degree was studied in the same reac- 
tion mixture but replacing Glc-1-P by 20 mM Pi. In 
this case, the reaction was followed by assaying the 
Glc-1-P formed [ 161 . 

3. Results 

The results are presented in fig. 3 and table 1. 

From the slopes in fig. 3 the values for the pattern 
“n” of synthesis were calculated. They are given to- 
gether with the mean elongation of chains (N/C+) in 
table 1. As may be seen the lower limit of N/C+ close- 
ly coincides with n. 

Action patterns for glycogen degradation may be 
effected by the labeling pattern of the glycogen since 
the glycosyl donor which is subsequently degraded 
was synthesized by the same enzyme. This actually is 
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Table 1 

Action patterns of phosphorylase catalyzed glycosyl transfer. 

N 

(nmoles glucose added 

or removed per mg 

glycogen) 

C+fN 
(Fraction of 

terminal 

(t4c]glucose) 

N/C+ 
(Average chain 

elongation) 

* 
n 

Synthesis by 

phosphorylase b 

Synthesis by 

phosphorylase rr 

Synthesis by the 
phosphorylase 
protein-glycogen 

complex 

0.094 - 0.185 0.61 - 0.59 1.63 - 1.69 1.61 

0.415 - 2.34 0.56 - 0.61 1.55 - 1.65 1.55 

0.654 - 1.50 0.69 - 0.64 1.44 - 1.57 1.36 

0.076 - 1.59 0.78 - 0.62 1.28 - 1.60 1.35 

0.152 - 0.65 0.76 - 0.73 1.32 - 1.36 1.37 

0.18 - 0.78 1.0 - 0.64 1.0 - 1.56 1.0 

0.95 - 1.09 0.93 - 0.92 1.07 - 1.09 1.09 

N Fraction of 

terminal 

[ ‘%]glucose 

(nmoles [ 14C]glucose 

removed per mg 

glycogen) 

** 
n 

Degradation by 185 0.66 85 1.38 

phosphorylase b 202 81 1.71 

267 98 1.64 

386 114 1.74 

* The action pattern was calculated from the slopes of fig. 1, (l/C+ = n/N); ** n was calculated from C+ = C, (l- e -N+r) ac_ 

cording to mechanism 3. The average of the four recorded degradation experiments was n = 1.62 + 0.16. The value of n would be 

reduced to 1.12 ? 0.12 if one assumes that the labeled residues remaining after exhaustive degradation (17%) were originally non- x 
terminal (see Results). 

suggested by the analysis of the labeled glycogen sam- 
ple before and after exhaustive degradation. The frac- 

tion of labeled terminal ends measured with periodate 
was 0.8 1. After exhaustive degradation by phosphoryl- 
ase 17% of the label could not be removed, however 
the remaining labeled residues were all accessible to 
periodate. This demonstrates that some glucosyl resi- 
dues added prior to the glycogen by phosphorylase in 

vitro, were not degraded subsequently on incubation 
with the same enzyme. For calculation of the experi- 
mental degradation patterns we have taken this distri- 
bution of labeled residues into account. Furthermore, 
we have assumed with Parodi et al. [3] that 41% of 
all terminal residues are available (i.e. C, = 41%). This 
value corresponds to the specific radioactivity of Glc- 
1-P incorporated into glycogen during synthesis. 

4. Discussion 

An action pattern as usually defined gives only a 
statistically reproducible value of several events occur- 
ring simultaneously or successively. Among others, 
the numerical value reflects the specificity of the en- 
zyme for the acceptor-donor chain. The steric com- 
plementarity depends on the structure of the macro- 

molecular substrate which determines the likelihood 
of encounter and the lifetime of the enzyme-sub- 
strate complex. Although these problems have been 
recognized [3,17,18], it is not known to what ex- 
tent these factors are responsible for the deviation of 
an action pattern from an integral number. Our re- 
sults are in accordance with those of Parodi et al. [3] : 
On the basis of this evidence it seems that crystalline 
muscle phosphorylase preparations catalyze the trans- 
fer of more than one glycosyl unit per step to glyco- 
gen as acceptor. In our experiments, the acceptor was 
a commercial rabbit liver glycogen preparation (cf. 
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fig. 1). We have considered the possibility that multi- 
ple attack by phosphorylase might reflect differences 
in primer specificity. If this were the case, a probabil- 
ity treatment, such as Poisson’s distribution could 
give erroneous results because it only distinguishes in 
all or none fashion between available and nonavailable 

chains, but neglects gradual differences in primer spe- 
cificity. We have tried to minimize these difficulties 
by using highly labeled [U-14C]Glc-l-P which allowed 

to restrict the extent of the reaction. Whelan and 
Bailey [l] and Illingworth et al. [ 171 have suggested 
that when the turnover is small, the enzyme will use 
preferentially the primer with the best fit. We thus in- 
terpret action patterns as high as 1.61 to indicate 
chain elongation of those primer molecules best fitted 
to the enzyme (table 1). 

However, whenever the action pattern is > 1.0, one 
cannot decide whether chain elongation is catalyzed 
by a single active center, transferring more than one 
glycosyl unit per step or by the action of several sites 
all acting on the same chain, but each site transferring 
only one unit at a time (cf [2] ). In order to overcome 
this ambiguity, experiments with the protein glycogen 
-complex of rabbit muscle were undertaken. It was as- 
sumed that in the particle each phosphorylase mole- 
cule is bound more or less irreversibly to a glycogen 
chain and that all the glycogen chains are rather uni- 
form with respect to chain length. If this should be 
the case one would not expect the glycogen chains to 
grow disproportionately when a pulse of highly la- 
beled Glc-1-P is applied. Under these conditions an ac- 
tion pattern of 1 was obtained, which is compatible 
with these assumptions (see table 1, fig. 3). This then 
indicates that each phosphorylase molecule, when it is 
integrated in a stoichiometric complex with glycogen 
molecules of equal chain lengths only transfers one 
glycosyl residue at a time to its acceptor chain. This 
probably relates more closely to the living state than 
the enzyme-substrate complex formed in the test 
tube. 
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