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ABSTRACT

For kinetic studies on its synthetic and phosphorolytic reactions, z-D-glucan phosphorylase from
potatoes was purified chromatographically until free of D-enzyme. Purified maltotriose (G,) is a poor primer
in the phosphorylase-catalyzed synthetic reaction, showing an anomalous time course and making previous
attemps to determine its kinetic parameters unsuccessful. In the present work the true rate of the G,-primed
reaction was obtained from linear plots obtained by incorporating a sufficient quantity of f-amylase in the
digest to eliminate the more rapidly reacting G, formed from the G,. A K, value of 9.4 + 0.8 mum for G, was
calculated from the data by a nonlinear least-squares method. Kinetic parameters for a series of higher
malto-oligosaccharides (G,~G,) were also determined in both the synthetic and the phosphorolytic direc-
tions. A large change in the values of K and F/e was seen on going from G, to G, for the synthetic reaction,
and from G, to G for the phosphorolytic. For the higher saccharides the /e values do not vary strongly
with increasing d.p., while the K| values tend to decrease, as has seen in the reactions of other plant
phosphorylases.

INTRODUCTION

2-Glucan phophorylase (EC 2.4.1.1) belongs to a group of vitamin B, enzymes
having a novel catalytic mechanism that involves the participation of the phosphate
group of pyridoxal 5’-phosphate (PLP)'~’. This mechanism is common to both plant and
animal phosphorylase, but the plant enzyme differs from the animal in amino acid
sequence, the presence of a glycogen storage site, regulation mechanism, etc.*®. Phos-
phorylase catalyzes both directions of the reaction shown in Eq. /, where the G-1-P
represents glucose 1-phosphate and P, inorganic phosphate.

Gn'i" G'I’P:Gn+| + Pi (1)
In the synthetic reaction, the malto-oligosaccharide cosubstrate G, is called

“primer”’, with n having a reported minimum value of three’. Although there have been
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several reports*'* on the ability of maltotriose (G,) to serve as a primer, the kinetic
parameters of the reaction with this substrate had not been determined. This was mainly
due to the unusual kinetics that result when purified G; is used as the primer: the time
course of the reaction is a nonlinear, accelerating curve.

In the present study, we were able to measure the true rate of the G;-primed
reaction by including S-amylase in the incubation mixture. We determined the kinetic
parameters of potato phosphorylase action in both the synthetic and phosphorolytic
directions, using maltotriose as well as higher malto-oligosaccharides as substrates.

RESULTS AND DISCUSSION

Maltotriose-primed reaction of potato phosphorylase. — There are three problems
to be solved for determining the kinetic parameters for G,: The first is higher-saccharide
contamination of commercially obtainable G;; the second is D-enzyme contamination
of the phosphorylase preparation”'; and the third is the anomalous time course of the
G;-primed reaction as shown in Fig. 1.

Commercial maltotriose was usually contaminated with other (probably higher)
saccharides, and the time course of the reaction run with impure G, differed from that
with purified substrate in showing a lag phase in the initial stage of the reaction. Thus,
the saccharide was purified on a carbon column'® before use. The same purification
procedure was also used to obtain primer-free G-1-P from the commercial sodium salt
(Nacalai Tesque, Inc.).

[t seemed possible that the phosphorylase preparation would be contaminated by

P; liberated { pmol /mL)

Time (min)

Fig. I. Time course of the G,-primed reaction of potato phosphorylase in the presence and in the absence of
B-amylase: A, with f-amylase. 0.4 unit/mL; O, with S-amylase, 4 units/mL: @, without f-amylase; [].
without primer (G,).
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(1—4)-a-glucanohydrolases or D-enzyme''. The former enzymes can degrade glucan
primer in the phosphorylase digest. The latter enzyme could seriously affect the G;-
primed reaction of phosphorylase because it converts G, into G; + G by transfer
action'®"’, and thus increases the apparent rate of the G, reaction''.

Potato enzyme was purified essentially according to Kamogawa et al.'*. We used a
column of DEAE-Toyopearl instead of DEAE-Sephadex, because the former column
was able to separate the phosphorylase from D-enzyme more effectively than the latter.
Fig. 2 presents an example of chromatography on DEAE-Toyopearl for the final
purification. D-Enzyme activity was assayed by measuring the higher saccharides
formed from G;, using phosphorylase as a secondary enzyme (see Experimental). This
assay is more specific than the method based on the measurement of glucose'"'?, since
glucose-forming enzymes such as z-glucosidase would also be detected by the latter. The
enzyme preparation was proved on long-term incubations to be free of the activities of
D-enzyme, z-glucosidase, and amylase, with G, p-nitrophenyl z-glucoside, and soluble
starch, respectively, as substrates.

Maltotriose has poor primer ability, and the malto-oligosaccharides higher than
G, show good primer ability, for the synthetic reaction of phosphorylase* ', The
G;-primed reaction is complicated because the initially formed G, and higher saccha-
rides are better substrates than G,, and it is the elongation reaction of these higher
saccharides that is measured rather than the reaction of G;. Thus, the time course of the
reaction is an accelerating curve. The enzyme f-amylase also has greatly reduced
activity for G,, as compared to higher malto-oligosaccharides™* so that its incorpora-

P (umol / min/mL)

Protein (A,,nm)

Fraction number

Fig. 2. Column chromatography of potato phosphorylase on DEAE-Toyopearl. Fractions of 5 mL were
taken. The solid line shows protein concentration, and the dotted lines the activities of phosphorylase (-@-),
phosphatase (- A-), and D-enzyme (-[ll-). Phosphatase activity was determined by measuring the absorb-
ance at 410 nm due to p-nitrophenol released from p-nitrophenyl phosphate.
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tion in the digest in sufficient quantity brings about the rapid hydrolysis of the syn-
thesized G, to G,, thereby removing the former before it can be elongated to G
Therefore, the measurement of the released phosphate from G-1-P is exclusively a
measurement of the addition of glucose to G,.

The minimum quantity of S-amylase sufficient for the rapid degradation of G,
was estimated as follows: Fig. | shows time courses of the G,-primed reaction in the
absence (concavely curved) and in the presence of f-amylase (0.4 unit/mL, slightly
curved; 4 units/mL, linear). The addition of more than 4 units;mL of f-amylase caused
no further change. Finally, exactly the same rate was obtained when G, was preincubat-
ed with 4 units/mL of f-amylase for 30 min before the synthetic reaction was initiated,
indicating no significant degradation of the trisaccharide by the amylase. Thus, the
presence of about 4 units/mL of f-amylase is sufficient to eliminate additional reactions
with higher saccharides produced. and thus give the true time course of the reaction with
G,.

[n the G,-primed reaction the concentration of phosphorylase was tenfold higher
than that in reactions employing the higher saccharides. At this enzyme concentration,
no reaction was observed when the phosphorylase was incubated with G-1-P only (no
primer). Preincubation of the phosphorylase and primer G, for 30 min. prior to the
addition of G-1-P, did not affect the G,-primed reaction at all. This indicates that the
enzyme preparation was free of D-enzyme.

There have been several reports of uncommon behaviors in reactions involving
carbohydrolases and poor substrates, such as maltose and maltotriose™ . Among these
it is pertinent to cite the reaction of Bacillus subtilis saccharifying xz-amylase with
purified maltose™, which exhibits an accelerating time course similar to that of the
G;,-primed reaction of phosphorylase. However, differing from the phosphorylase case,
the steady-state rate of the reaction shows a strong sigmoidal dependency on the
concentration of the substrate maltose®. In this instance, the phenomena are mainly
attributable to transfer action of the bacterial enzyme™-*.

Determination of kinetic parameters for G, and higher malto-oligosaccharides. —
As mentioned above, the true rate of the G;-primed reaction was measured from the
slope of linear plots of the time course in the presence of f-amylase. The plotting of (s/v)
against s then gave a straight line, and the K value of 9.4 mum could be determined by
extrapolation of the line. We also estimated the values of both K and Ve, and their
standard deviations by application of the Michaelis-Menten equation and a nonlinear
least squares method”’. The two methods gave the same value of K, for G,. With the
higher saccharides, linear time courses were observed in the ordinary reactions (without
p-amylase), and the initial rates were measured from the slopes of the plots. Then, the
kinetic parameters were calculated by the same statistical method. The resultsare shown
in Table .

The phosphorolytic activity of potato phosphorylase was determined by a cou-
pled assay, involving measurement of absorbance at 340 nm due to NADPH, essentially
as described by Lee and Braun''. The addition of a small amount (4 um) of glucose
1,6-diphosphate was required to raise the rate of the first coupling reaction (mutase),
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TABLE [

Kinetic parameters of potato phosphorylase action on malto-oligosaccharides

Substrate Synthesis Phosphorolysis
K., Vie K, V!
(mMm) {mM)
G, 940 + 0.8 0.78 £+ 0.03
G, 0.72 + 0.11 40+3 0.77 + 0.18 0.015 £0.002
G; 0.40 + 0.04 33+ 1 0.47 + 0.07 14 + 1
G, 0.23 + 0.02 40 £ t 0.35 £ 0.05 17+2
G, 0.14 + 0.02 46 £ 2 0.11 + 0.0t 18 +£2
G 0.10 + 0.0l 49 +3 0.1l £ 0.02 21+ 2

23

“ ¥V/e = umol of released P,/min/mg of protein.

because we used G-1-P purified on carbon columns®. The initial rate was estimated
from the increase in the absorbance between at 5 min and 15 min after the reaction was
started. The K, values for phosphorolytic reactions with malto-oligosaccharides (G-
G;,) were all determined by the above-mentioned statistical method (see Table I).

Phosphorolytic reactions of saccharides smaller than G, were too slow to detect
under the conditions of the G, reaction. In the synthetic direction no G,-primed reaction
was observed. There are small differences between the values of K found for the
synthetic and phosphorolytic reactions of each of the higher saccharides G,~G,. Large
differences in values of the parameters K,, and V/e were seen on going from G, to G, as
substrates for the synthetic reaction, and from G, to G; for the phosphorolytic reaction.
With the higher saccharides it may be noted that the values of V/e remain fairly
constant, while the values of X, have a tendency to decrease with increasing d.p. These
tendencies for higher saccharides have also been found in studies of other plant
enzymesn,rz.m.

As can be seen by Eq. /, a synthetic reaction with G, is the reverse of a
phosphorolytic reaction with G,. Thus, when the number 7 is equal to or more than
three, Eq. / is applicable. A possible explanation for the characteristic kinetics of
phosphorylase action on G, as contrasted with higher saccharides can be based on a
subsite model, as shown in Fig. 3. In the figure, the upper scheme represents the reaction
system G, + G-1-P = G, + P, and the lower scheme G; + G-1-P = G, + P,. The
schemes are based on the assumptions that the glucose moiety of G-1-P would bind at
the common binding site (subsite 1) adjacent to the nonreducing glucose residue of the
glucan cosubstrate, while the phosphate moiety would bind at a specific site different
from the glucan binding site (subsites 2—#). This model is essentially the one proposed by
French' in 1953, and it seems to be consistent with recent schemes for the reaction
mechanism'™ that involves the participation of PLP.

The upper reaction as catalyzed by phosphorylase proceeds much more rapidly
than the lower in both the forward and reverse directions. The two reaction systems



218 T. SUGANUMA et al.

P
synthet{c
100000 ¥

G 0G"‘P 1 2 4 —ee S
4 -;7- 1 3 ) [$]
phospharolytic
Pl
E
1=f2 3 14]516] Ge+P
N S |
E
£ P: : : synthetic
G, +G1-P O
+G-1- 112314
3 7 { 1.5 L 6 ]
phosphorelytic
Pi
OO0 E
. S
(1 j2131alscis —_ G, P

Fig. 3. Schematic model of the synthetic and phosphorolytic reactions catalyzed by glucan phosphorylase.
A hexagonindicates a glucose residue of a malto-oligosaccharide; the vertical line indicates a barrier, and the
wedge the catalytic site of the enzyme. The numbers in the boxes are the subsite numbers, counting from the
nonreducing-end residue of the bound phosphorolysis substrate.

differ in whether or not the fifth subsite is occupied by a glucose residue of the substrate.
Thus it may be concluded that the binding of the glucose residue to the fifth subsite is
responsible for greatly increasing the rates of the synthetic and phosphorolytic reac-
tions. The rate parameters for saccharides higher than G, in the synthetic reaction (or G,
in the phosphorolytic reaction) did not vary strongly with increasing d.p. Thus, binding
to subsites beyond the fifth, if any, would make little contribution to an increase in the
rate.

This is the first determination of the kinetic parameters X and Ve for mal-
totriose in the synthetic reaction catalyzed by potato phosphorylase, made possible by
incorporating a sufficient quantity of f-amylase in the digest. All the kinetic parameters
for the series of malto-oligosaccharides G,~G, were also determined in both the
synthetic and phosphorolytic directions.

EXPERIMENTAL

Preparation of malto-oligosaccharides and potato phosphorylase. — Malto-oligo-
saccharides G, through G, were obtained from an acid hydrolyzate of cyclomaltohep-
taose by chromatography on a cellulose column®, Each oligosaccharide was pure (more
than 99%) by h.p.l.c. Malto-octaose was donated by Dr. T. Nakakuki of Nihon
Shokuhin Kako Co., Ltd.
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Purification of the potato enzyme'® was carried out on a column (1.8 x 12cm) of
DEAE-Toyopearl. Phosphorylase was separated effectively from D-enzyme by elution
with a linear gradient of 0 to 0.3M NaCl in 2 mu citrate buffer, pH 6.7 (Fig. 2). The
pooled phosphorylase fractions were concentrated in a collodion bag (Sartorius
GmbH) to a specific activity of 29 units/mg. On polyacrylamide gel disc electrophoresis
at pH 8.0, the preparation showed a single protein band coinciding in position with a
single enzyme band, detected by activity staining®. One unit of phosphorylase is defined
as the amount of the enzyme that forms 1 zmol of inorganic phosphate per minute from
10mMm G-1-P and 1% soluble starch in 50mum citrate buffer, pH 6.2, at 30°.

Protein determinations were carried out as described by Lowry et al.’'.

Synthetic reaction with maltotriose as substrate. — A mixture of G; (5~25mm),
10mMm G-1-P, and 16 units/mL of sweet potato f-amylase™ in 4 mL of 40muy citrate
buffer, pH 6.2, was preincubated at 30° for 10 min. The phosphorylase reaction was
started by the addition of 0.1 mL (2.1 units) of the potato enzyme, to give a final
concentration of 0.5 unit/mL. An aliquot of | mL was taken for analysis every 10 min
and added to 0.5 mL of 5% trichloroacetic acid to terminate the reaction. Inorganic
phosphate released was determined by the Fiske-Subbarow method®.

Synthetic reactions with higher malto-oligosaccharides. — The reaction was run
with five or six different concentrations of each oligosaccharide, the highest level being
1-3 times K_. A mixture of malto-oligosaccharide, 10mMm G-1-P, and 0.3 unit (final 0.075
unit/mL) of phosphorylase in 4 mL of 40mM citrate buffer, pH 6.2, was incubated at 30°
for 10 min. At intervals of 5 min aliquots of 1 mL were taken for analysis by the
Fiske-Subbarow method.

Phosphorolytic reaction monitored by coupled enzyme assay"'®. — For the en-
zymatic analysis, phosphoglucomutase (rabbit muscle, 330 units/mg, Sigma Chemical
Co.) and glucose 6-phosphate dehydrogenase (Leuconostoc mesenteroides, 320 units/
mg, Wako Pure Chemical Industries, Ltd.) were used. A mixture of 25 mL of 100mMm
NADP solution containing 0.23mwm glucose 1,6-diphosphate, 25 uL of the dehydrogen-
ase (1.9 units), 25 uL of the mutase (2.3 units), 50 uL of the phosphorylase (0.075 unit),
0.71 mL of distilled water, and 0.2 mL of 47mm NaH,PO, solution containing 0.3m
sodium glycerophosphate, 125mm MgCl,, and 10mMm EDTA-2 Na, pH 6.2, was preincu-
bated at 30° for 5 min. The reaction was started by the addition of 0.1 ml of malto-
oligosaccharide (G;~G;) solution. The formation of NADPH was recorded contin-
uously at 340 nmina Shimadzu UV-265 spectrophotometer, equipped with a cell holder
maintained at 30°. In the reaction with G,, 2.7 units of phosphorylase was used.

Assay for D-enzyme activity employing phosphorylase as a secondary enzyme. —
The principle of this method has been described in the previous paper . A mixture of 0.1
mL of purified G, (20 mM) in 75mm Tris-maleate buffer, pH 7.0, and 0.1 mL of sample to
be assayed was incubated for 30 min at 30°. The mixture was heated for 3 min to stop the
reaction. Then, the phosphorylase reaction was started by the addition of 10 zmol of
G-1-P and 0.45 unit of potato phosphorylase in 1 mL of 40mu citrate buffer, pH 6.0.
After incubation for 5 min at 30°, 5 mL of cold 0.5 H,SO, was added to the reaction
mixture. D-Enzyme activity could be related to the released phosphate, measured at 740
nm by the Fiske-Subbarow method.
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