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Purification and characterization of a cytosolic starch
phosphorylase from etiolated rice seedlings
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Abstract. Starch phosphorylasel (Phol) from etiolated rice (Oryza sativa L. cv. Tainong 67) seedlings was purified
by ammonium sulfate fractionation, DEAE-Sepharose CL-6B anion exchange chromatography, and dextrin-Sepharose
4B affinity chromatography. The purification fold was 299, and the enzyme activity recovery was about 21%. The
molecular mass of the native Phol on Superose 12 gel filtration was 145 kDa. The subunit molecular weight as
determined by SDS-PAGE was 85 kDa. The enzyme has an optimum pH of 5 and an optimum reaction temperature
of about 45°C~50°C. In the synthetic reaction for Gic 1-P, the X value was 2.1 mM, and the ¥V value was 5.85
U mg™. In the phosphorolytic direction for orthophosphate, the K value was 3.8 mM. Phol has a higher affinity for
amylopectin, glycogen, soluble starch and dextrin than for maltooligosaccharide (6 to 10 glucose units). In addition,
the K_ value for amylopectin was ninefold lower than for dextrin. Cyclohexaamylose, cycloheptaamylose,
cyclooctaamylose, and maltotetrose were inhibitors of Phol. Mannose 1-P, Fru 6-P, ADPGlc, UDPGlc, AMP, IMP
and PEP also inhibit Phol. The metal ions Ag*, Hg*" and Zn*" also reduce the enzyme activity. However, thiol re-

agents activate Phol activity, suggesting that sulfhydryl-group(s) may be required for enzyme stability.

Keywords: Affinity chromatography; Dextrin; Glucan; Rice; Starch phosphorylase.

Abbreviations: Phol, H type starch phosphorylase; Pho2, L type starch phosphorylase; Gle 1-P, glucose 1-

phosphate.

Introduction

The plant starch phosphorylases (Pho, SP, a-glucan
phosphorylase, EC 2.4.1.1) catalyze the reversible phos-
phorolysis of a-1,4-glucans and have been reported in
many higher plants (Fukui, 1983; Steup and Schachtele,
1986). The reaction can be described essentially by the fol-
lowing equation:

(0-1,4-D-glucose) +Glc 1-P 2 (a-1,4-D-glucose) , -+ Pi

A glucosyl unit is transferred from Glc 1-P to starch of
increasing chain length, and this is termed as “the syn-
thetic direction.” In the other direction, the addition of in-
organic phosphate generates Glc 1-P from starch as the
chain length decreases, and this is called “the phospho-
rolytic direction.”

Pho is generally regarded as a starch-degrading enzyme,
but some evidence suggests it might also have an impor-
tant synthetic function. In most plants, Pho has been found
in both cytosolic and amyloplastic forms in pea seeds and
leaves (Hanes, 1940), broad beans (Suda et al., 1987), po-
tato tubers (Hanes, 1940), maize (Tsai and Nelson, 1968;
Mu et al., 2001), barley (Baxter and Duffus, 1973), rice seeds
(Richardson and Matheson, 1977), spinach (Steup and
Latzko, 1979), sweet potato (Chang et al., 1987; Lu et al.,
1995), bananas (Richardson and Matheson, 1977; Da Mota
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et al., 2002), and seaweed (Fredrick, 1973; Yu and
Pedersen, 1991). Specifically, the Phol or H (high af-
finity for glycogen) type of starch phosphorylase that oc-
curs in the cytosol of plant cells has a molecular mass of
about 90 kDa. Pho2 or L (low affinity for glycogen) form,
is located in the amyloplast and has a molecular mass of
about 100 kDa (Steup and Latzko, 1979; Conrads et al.,
1986; Mu et al., 2001; Da Mota et al., 2002).

Here we report the purification and enzymatic charac-
terization of a rice starch phosphorylase, Phol. Since the
level of Phol protein in etiolated rice seedlings is very low,
we developed a procedure that greatly increases the yield
and results in a Phol enzyme of high purity. Phol purified
by this procedure was analyzed, and its molecular mass
and kinetic properties was determined.

Material and Methods

Materials

Rice seeds (Oryza sativa L. cv. Tainong 67) were
grown in the dark for 14 days at 30°C in a growth
chamber. These fresh etiolated rice seedlings were used
for enzyme purification. Imidazole, protease inhibitors,
protamine, MES, glucan saccharides, cyclodextrins, sugar
phosphate, nucleotides, thiol reagents, and ammonium
molybdate were obtained from Sigma (USA). Soluble
starch was purchased from Nacalai Tesque Inc. (Kyoto,
Japan). Zulkowsky soluble starch, AgNO,, ammonium
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by Merck (USA). All of the chromatographic gel materials
were purchased from Amersham Pharmacia Biotech (UK).

Purification of Phol

All purification steps were carried out at 0°C to 4°C
(except where noted). The etiolated rice seedlings were cut
to pieces with scissors and pulverized under liquid nitro-
gen using a mortar-pestle. Approximately 170 g of etiolated
rice seedlings powder was added to 400 ml of buffer A [50
mM imidazole-HCI (pH 7), | mM PMSF, 1 mM benzamidine,
1 mM EDTA, 1 mM DTT] and filtered through four layers
of cloth. Protamine sulfate was added to the filtrate to a
concentration of 0.2%, and the solution was then kept 4°C
for 30 min. At that point, the solution was centrifuged at
10,000 g for 20 min. The supernatant was made up to 40%
saturation with solid ammonium sulfate, chilled and cen-
trifuged at 10,000 g for 30 min. The pellet was discarded
and the supernatant fraction was raised to 60% saturation
with solid ammonium sulfate, chilled, and centrifuged at
10,000 g for 30 min. The pellet was resuspended in a mini-
mal volume of buffer B [50 mM imidazole-HCI (pH 7), I mM
EDTA, 1 mM DTT] and dialyzed overnight against buffer
B. The solution containing the enzyme was then applied
to a DEAE-Sepharose CL-6B column (2 cm?x15 cm) pre-
equilibrated with buffer B at a flow rate of 30 ml h™'. The
column was then washed with 10 volume of the same buffer
to wash away the bulk of the unwanted proteins. The en-
zyme fractions were sequentially eluted with buffer B con-
taining 0.05 M NaCl. Active fractions were applied to a
dextrin-Sepharose 4B column (2 cm?x11 cm) pre-equili-
brated with buffer B containing 0.05 M NaCl at a flow rate
of 30 ml h'l. Phosphorylase was eluted with buffer B con-
taining 0.3% dextrin. Fractions with phosphorylase activ-
ity were pooled and dialyzed against buffer B overnight.

Preparation of dextrin-Sepharose

Freeze-dried CNBr-activated Sepharose 4B powder
(Amersham Pharmacia Biotech) was washed with 200 ml
of 1 mM HCI per gram and then reswelled on a sintered
glass filter (G3). A solution of 30 mg dextrin per ml of gel
was made up in coupling buffer (0.1 MNaHCO,, pH 8.3,
containing 0.5 M NaCl). The dextrin solution was mixed
with the gel suspension in an end-over-end mixer for 2 h
at room temperature or overnight at 4°C. It is important
not to use a magnetic stirrer. The gel was transferred to
buffer containing the blocking agent (I M ethanolamine
or 0.2 M glycine, pH 8.0) for 16 h at 4°C or 2 h at room
temperature. The excess adsorbed dextrin was washed
away with coupling buffer followed by 0.1 M acetate buffer
(pH 4) containing 0.5 M NaCl. This was followed by a sec-
ond wash with coupling buffer to further remove excess
blocking agent. The dextrin-Sepharose gel was stored in
experimental buffer at 4-8°C.

Assay of Phol

G lucan synthesis activity: One unit of specific (SP) ac-
tivity was defined as the amount of enzyme that catalyzed
the formation of 1 nmole of product per min. Specific ac-
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tivity was defined as units per mg of protein. SP activity
was measured in the synthetic reaction by following the
formation of Pi using a molybdate-based assay (Fiske and
Subbarow, 1925). The reaction mixture contained 50 mM
MES, pH 5.5, 0.3% glycogen, 90 mM Glc 1-P (except where
noted), and the enzyme sample and had a final volume of
100 pl. After incubation for 30 min at 37°C, the inorganic
phosphate released was determined by adding 200 pl of
ferrous sulphate molybdate solution followed by incuba-
tion at room temperature for 10 min. The absorbance was
measured using an ELISA reader at 650 nm (Chen et al.,
2002).

The Phol activity was determined by assaying the to-
tal phosphate production minus the amount of phosphate
produced by the phosphatase activity. The resulting phos-
phate amount was then used to calculate the real phos-
phorylase synthetic activity.

Phosphatase activity: The reaction was conducted un-
der the same incubation conditions as described for the
assay of glucan synthesizing activity of phosphorylase in
the absence of glycogen (Suda et al., 1987).

Phosphorolytic activity: The reaction mixture contains
50 mM MES buffer (pH 6), 3% glycogen, and 50 mM P, in
a total volume of 100 pl. The reaction was stopped by heat-
ing the mixture for one min at 100°C. Glc 1-P produced was
determined in a coupled reaction via phosphoglucomutase
(EC 5.4.2.2) and glucose-6-phosphate dehydrogenase (EC
1.1.1.49) (Michal, 1986; Toroser et al., 2000; Da Mota and
Cordenunsi, 2002).

Protein determination

Protein concentration was determined by the dye-bind-
ing method (Bradford, 1976) using bovine serum albumin
as a standard.

Activity staining of Polyacrylamide Gel Electro-
phoresis

All analytical gels used were 0.75 mm in thickness. Af-
ter native-PAGE, activity staining was done by incubat-
ing the gel with shaking in 50 mM MES buffer (pH 5.5)
containing 20 mM Glc 1-P and 0.3% glycogen at 37°C for
6 h, followed by iodine staining.

Kinetic assay of Phol

K _of Phol for Glc 1-P: Phol activity was measured in
the synthetic direction as a function of the concentration
of glycogen at the indicated set concentrations of Glc 1-
P.K_of Phol for glycogen: Phol activity was measured
in the synthetic direction as a function of the concentra-
tion of Glc 1-P at the indicated set concentrations of
glycogen. Data given in Table 3 were the average of three
replicates of separated experiments.

Mass spectrometry analysis

After CBR staining on a SDS-PAGE gel, the major band
was cut from the gel, digested with trypsin (Jimenez et al.,
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1998), and partially sequenced by Q-TOF (Micromass)
analysis.

Results

Purification of the Phol

Phol was stable in 50 mM imidazole, pH 7.0, 1| mM
EDTA, | mM DTT at 4°C for at least two weeks. Fraction-
ation with protamine sulfate and ammonium sulfate of the
initial extract, followed by DEAE-Sepharose CL-6B chro-
matography and dextrin-Sepharose 4B affinity chromatog-
raphy resulted in a 299-fold purification of SP with a 21%
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Figure 1. Elution profiles and activity staining of the phos-
phorylase activity from etiolated rice seedlings on DEAE-
Sepharose CL-6B. Panel A: Phosphorylase activity (®);
phosphatase activity (O); protein ('¥); NaCl concentration (-)
are shown. Peak II represents phosphorylase activity. Peak |
and [II were ascribed to phosphatase activity. Panel B: Native-
PAGE adding 0.05% glycogen in separation gel.
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recovery from the initial extract. Elution profiles of the en-
zyme on DEAE-Sepharose CL-6B chromatography and dex-
trin-Sepharose chromatography are shown in Figures | and
2. The specific activity of the enzyme was 1.8 U mg”'
protein. On DEAE-Sepharose CL-6B chromatography. the
enzyme was eluted at 0.05 M NaCl. Only peak II repre-
sented Phol activity when tested on a 5% native-PAGE
activity gel (Figure 1).

The final step of dextrin-Sepharose chromatography
was an efficient step. A large amount protein was not re-
tained on the dextrin matrix while Phol was eluted at 0.3%
dextrin (Figure 2). Its native-PAGE and SDS-PAGE patterns
are shown in Figure 3, Phol has a high affinity toward
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Figure 2. Affinity chromatography of phosphorylase activity
from etiolated rice seedlings on Dextrin-Sepharose 4B. Panel A:
Phosphorylase activity (®); phosphatase activity (Q); protein
(W) are shown. The full line represents the elution concentra-
tion of dextrin, Panel B: Activity staining of Native-PAGE add-
ing 0.05% glycogen in separation gel.
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Figure 3. Native-PAGE and SDS-PAGE of Phol fraction separated after dextrin-Sepharose 4B chromatography. Approximately 4
ug of total protein were loaded in each lane. Proteins were stained with Coomassie blue. Panel A: Native-PAGE. M, molecular mass
markers in kDa. Panel B: Native-PAGE adding 0.05% glycogen in separation gel. Panel C: SDS-PAGE.
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branched glucan saccharides, and therefore it was retarded
on a 5% native-PAGE gel when 0.05% glycogen was added
(Figure 3B). The results of the stepwise purification of the
Phol are summarized in Table 1.

Molecular Mass and Q-TOF Analysis

The molecular weight of native Phol1 is 145 kDa, as mea-
sured by fast protein liquid chromatograph (Superose 12)
(data not shown). Figure 3A shows that the native enzyme
has an apparent size of about 300 kDa. When analyzed by
denaturing SDS-PAGE, the enzyme produced a single ma-
jor band with a subunit size of 85 kDa (Figure 3C). It was
cut from the SDS-PAGE gel, digested with trypsin
overnight, and partially sequenced by Q-TOF. The enzyme
obtained from the etiolated rice seedlings matched with
four peptide sequences of rice Phol and one of wheat Phol
(Table 2).

Enzyme Kinetics Assay

The Phol kinetics assay was carried out in the direc-
tion of polysaccharide synthesis. Under these conditions,
the reaction was linear with time for at least 50 min. For
Glc 1-P, the apparent K value was measured as 2.1 mM,
and the ¥ value was 5.85 U mg"' (Figure 4). For the vari-
ous saccharides as the acceptor substrate, the different
K _and V__ values of the purified Phol from etiolated rice
seedlings are listed in Table 3. Amylopectin was the best
substrate, and dextrin was the poorest with the K_ value
for amylopectin being ninefold lower than that for dextrin.

In the phosphorolytic direction, the K_ for glycogen
and soluble starch of Phol were 1.19 and 0.76 mg ml"!,

Table 1. Purification of Phol from etiolated rice seedlings.?
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respectively. For orthophosphate, the K value was 3.8
mM.

Optimum pH and Temperature

The purified enzyme exhibited an optimal activity at pH
5.0 in the polysaccharide synthesis direction with the high-
est stability at pH 7.0. The maximum enzyme activity ob-
tained at 45~50°C over an incubation time of 30 min.

Effect of Glucan Saccharides

The different synthetic activities of Phol with various
sized glucan substrates are displayed in Table 4. Glucose,
maltose, and maltotriose showed almost no activity with
Phol. Maltotetrose and maltohexaose showed higher ac-
tivity than maltopentaose and maltoheptaose.
Maltooligosaccharide, containing 6 to 10 glucose subunits,
showed an apparently low relative activity. Amylopectin
showed the highest relative activity.

Inhibition by Cyclodextrins and Maltotetrose

Table 5 shows that cyclodextrin and maltotetrose both
inhibit Phol. At a range of different concentrations, the
cyclodextrins showed a higher level of inhibition than
maltotetrose, especially cycloheptaamylose.

Effect of Sugar Phosphates, Nucleotides, and
Nucleotide Sugars
In the absence of Glc 1-P as reaction substrate, sugar

phosphates had no effect on Phol activity. This indicates
that Phol has a high substrate specificity for Glc 1-P (Table

Step Total activity Total protein Specific activity Purification Yield
Uy (mg) (Umg™) (fold) (%)
Crude extract 9.95 1649.7 6 1 100
Protamine sulfate 0.2% 6.17 571.8 11 1.79 62
Ammonium sulfate 40-60% 4.68 346.5 14 2.24 47
DE AE-Sepharose CL-6B 2.63 122.5 22 3.56 26.4
Dextrin-Sepharose 4B 2.11 1.17 1803 299 21.2

*Data are obtained for 170 g rice etiolated seedling powder pulverized under liquid nitrogen.
®One unit is defined as the amount of enzyme required for formation of 1 nmole of phosphate from Glc 1-P per min at 37°C at pH

5.5.
*The effects of phosphatase activities have been corrected.

Table 2. Protein identification by Q-TOF. Phol was cut from the SDS-PAGE gel, digested with trypsin, and partially sequenced.
Partial amino acid sequences were simultaneously searched against nucleotide or protein sequence databases (NCBI) for protein

identification.

Significant hit Species Accession number Match amino acid sequence

Pho1l Oryza sativa 2i|12025466 EGQEEIAEDWLEK
TDQWTSNLDLLTGLR
QLLNILGAVYR
SGAFGTYDYAPLLDSLEGNSGFGR

Pho1 Triticum aestivum QOLKI3 TDQWTSNL DLLTGLR
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Figure 4. Effect of glucose-1-phosphate (a), amylopectin (b}, glycogen (c), soluble starch (produced by Nacalai tesque) (d),
Zulkowsky soluble starch (produced by Merck) (e) and dextrin (f) concentrations on activities of Phol and respective double recip-

rocal plot.

Table 3. K_and ¥, values of the Phol towards various glucans®.

Glucan K_(ugml?) V.. (Umg!)
Amylopectin 4.6 4541
Glycogen 13.8 4642
Soluble starch® 10.6 2828
Zulkowsky soluble starche 26.1 2637
Dextrin 41.8 1101

@ Activity was measured in the presence of 50 mM MES (pH
5.5), 90 mM Glc 1-P and varied amount of glucan substrate.
V.. is expressed as nmol Glc 1-P min"' mg™' protein.

®Produced by Nacalai Tesque (Japan).
°Produced by Merck.

6). Mannose 1-P, Fru 6-P, ADPG, UDPG and PEP showed a
high level of inhibition of Phol.

Effect of Thiol Reagents and Metal Ions

Table 7 shows that thiol reagents increased enzyme ac-
tivity by 10~20% at 1~4 mM, especially p-
mercaptoethanol. Thiol reagents at a higher concentration
activated the enzyme. The effect of various metal ions on
enzyme activity was shown in Table 8. Zn?*, Hg*? and Ag*
reduced the enzyme activity observably. However, other
metal ions like Na*, K*, Mg?*, Ca?* had no significant ef-
fect on it (data not shown).
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Discussion

This is the first detailed study of Phol in rice. Maximal
activity for Phol was detected in 14-d-old dark-grown rice
seedlings. Phol is the predominant form. During the ex-
traction treatment, Pho2 could only be detected on the first
day. Under DEAE-Sepharose CL-6B chromatography
(Figure 1), Phol showed a low negative charge binding,. It
could easily be eluted with 50 mM NaCl. On DEAE-
Sepharose CL-6B chromatography, peak II presented real
phosphorylase activity, while peak I and III were false
phosphatase activity (Figure 1).

Table 4. Relative activities of Phol from etiolated rice seed-
lings for various saccharides as substrates. The concentrations
of amylopectin and glucan saccharides were 1.5 and 3 mg ml”,
respectively. The rates (100%) observed for glycogen (rabbit
liver) were 4.6 pmol min™ mg™! protein for Phol. Activity was
measured in the presence of 50 mM MES (pH 5.5) and 90 mM
Glc 1-P.

Glucan saccharide

Relative activity (%)

None 0
Glucose 7
Maltose 7
Maltotriose 5
Maltotetrose 36
Maltopentaose 33
Maltohexaose 38
Maltoheptaose 33
Maltooligosaccharide 33
Zulkowsky soluble starch ( Merck) 37
Dextrin 50
Soluble starch (Nacalai Tesque) 93
Glycogen (rabbit liver) 100
Amylopectin (potato) 110

Table 5. Inhibition by cyclodextrins and maltotetrose of Phol
activity.

Concentration  Inhibition
(mM) (%)

Comntrol 0

29
29
30
32

31
31
33
38

24
24
26
27

29
24
19
11

Cyclodextrin or maltotetrose

(9]

Cyclohexaamylose

W

Cycloheptaamylose

Cyclooctaamylose

w

Maltotetrose

(@]
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Table 6. Relative activity of Phol with sugar phosphates and
nucleotides as substrate. All substrates were added at a final con-
centration of 15 mM with or without the addition of 60 mM
Glc 1-P to the reaction mixture. The incubation time was 30
min, at 37°C. The maximum velocity for Glc 1-P hydrolysis was
calculated and compared with the rates of hydrolysis of other
compounds.

Sugar phosphate or Relative activity (%)
nucleotide ~Gle 1-P +Glc 1-P (60 mM)
None 0 100
R-5-P 0 92
Glc 6-P 0 92
Mannose-1-P 8 79
Fru 6-P 0 83
FBP 0 94
ADPGlc 1 53
UDPGlc 0 81
ADP 3 91
UDP 0 95
AMP 0 88
IMP 0 87
PEP 14 82
Glc 1-P 100 -

Table 7. Effect of sulfthydryl compounds on Phol activity.

Concentration  Relative activity
(mM) (%)

Control 100

111
121
121

100
111
112

106
115
115

99
107
111

Sulfhydryl compounds

B-Mercaptoethanol

DTT

Glutathione

L-Cysteine

BN~ DN~ DM~ RN

Table 8. Effect of metal ions on Phol activity.

. Concentration Relative activity
Metal ions (mM) %)
Control 100
Ag' 0.1 100
0.25 93
1 88
Hg* 0.1 81
0.25 73
1 72
Zn* 0.25 100
1 92

4 78
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The purification key step was the dextrin-Sepharose af-
finity chromatography (Figure 2), during which all un-
wanted proteins were washed away. This used the
principle that Phol has highly binding affinity for glucan
saccharides, especially branching glucan saccharides. We
modified the manufacturer’s method of dextrin-Sepharose
preparation (Steup et al., 1980) by using commercial CNBr-
activated Sepharose (Amersham Pharmacia Biotech). This
protocol avoided the use of toxic CNBr during the prepa-
ration of dextrin-Sepharose. The Phol was purified 299-
fold with a yield of about 21% (Table 1).

The high affinity of Phol for glycogen was demon-
strated by the native-PAGE (Figure 3A, B). It was obvi-
ously retarded on native-PAGE when 0.05% glycogen was
added to the separation gel (Figure 3B). However, Pho2
of sweet potato was not retarded by glycogen on native-
PAGE. Thus, affinity-gel electrophoresis indicated a dif-
ference in the affinity of Phol and Pho2 for glycogen.
Figure 3 shows that activity staining of Phol was much
more sensitive than CBR staining. The enzyme apparently
undergoes diffusion in the native PAGE gel and appears
as a smear band (Figure 3A).

After fast protein liquid chromatography Superose 12
gel filtration, the Phol was measured as having an appar-
ent molecular weight of 145 kDa (data not shown).
However, the subunit of the enzyme was 85 kDa on SDS-
PAGE (Figure 3C). The result is quite similar to that ob-
served for the spinach Phol (native: 150 kDa; subunit: 89
kDa) (Steup et al., 1980) and banana Phol (native: 155 kDa;
subunit: 90 kDa) (Da Mota et al., 2002). The enzyme was
partially sequenced by Q-TOF, and this matched the rice
Phol from the genome database and the wheat Phol from
the protein database (Table 2). It also showed a match to
animal glycogen phosphorylase (data not shown). This re-
sult confirms that the purified enzyme was Phol from eti-
olated rice seedlings.
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The even numbers chain length of the short chain
maltosaccharides, like maltotetrose and maltohexaose, had
a higher relative activity than the odd numbers chains
(Table 4). On the other hand, glucose, maltose, and
maltotriose were ineffective primers while maltodextrins
that contained more than 4 glucose units at a concentra-
tion 3 mg ml™' showed greater than 30% activity. In vivo
Pho2 from maize utilizes maltooligosaccharide substrates
ranging in size from 4 to 7 glucose units (Mu et al., 2001).
Kinetic studies of maize Pho2 show that the phosphoro-
Iytic reaction was favored over the synthetic reaction and
that the enzyme preferred longer chain substrates (Mu et
al., 2001). Nevertheless, the Phol of red seaweeds and eti-
olated soybean seedlings show a higher activity with
maltodextrins that contain more than 5 glucose units (Suda
et al., 1987; Yu and Pedersen., 1991).

Cyclodextrins isolated from potato and spinach are ef-
ficient inhibitors for Phol (Table 5). They competed with
the glucan substrate on Phol, but had no effect on the
rabbit muscle glycogen phosphorylase. The degree of in-
hibition by cyclodextrins varies with their degree of poly-
merization and the particular phosphorylase (Shimomura
et al., 1982; Yu and Pedersen., 1991). In the case of eti-
olated rice seedlings, cycloheptaamylose was more inhibi-
tory than cyclohexaamylose or cyclooctaamylose (Table 5).

Table 6 shows ADPGIc and UDPGIc are potent inhibi-
tors of the synthetic reaction. Both ADPGlc and UDPGlc
were found to be non-Michaelian inhibitors with respect
to Glc 1-P in the synthetic reaction (Figure 5, 6). The phe-
nomenon was partially similar to the study in maize, where
only ADPGlc was found to be a non-Michaelian inhibitor
(Burr and Nelson, 1975; Mu et al., 2001). Since ADPGlc and
UDPGIc can both serve as precursors for starch synthesis,
directly or indirectly, it is reasonable to believe they pos-
sess inhibitory properties to Phol.
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Figure 5. Effects of ADPGlc concentrations on phosphorylase activity (A) and respective double reciprocal plot (B). No inhibitor
(@); 0.675 mM ADPGlc (Q); 1.25 mM ADPGle (V) or 2.5 mM ADPGIc (s).
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Figure 6. Effects of UDPGlc concentrations on phosphorylase activity (A) and respective double reciprocal plot (B). No inhibitor
(®); 0.675 mM UDPGlc (Q); 1.25 mM UDPGle (V) or 2.5 mM UDPGlc (V) or 5 mM UDPGlc (W).

The rice Phol showed a requirement for free -SH groups
to ensure stability (Table 7). The -SH group might be di-
rectly involved in catalysis or be required to maintain an
appropriate enzyme conformation. Thus, it would seem that
the presence of essential sulthydryl groups is required for
enzyme activity. In addition, Tsai and Nelson (Tsai and
Nelson, 1968) reported that Pho2 activity was stimulated
threefold by 10 mM MgCl, or 2 mM EDTA. This does not
occur with Phol from etiolated rice seedlings (Table 8).

In the synthetic reaction for Glc 1-P, the K value was
2.1 mM. The K for orthophosphate of Phol in the physi-
ological direction of Glc 1-P production was 3.83 mM. The
K value for Glc 1-P was lower than for orthophosphate.
In phosphorolytic direction, Phol favored soluble starch
more than glycogen. The K values were 0.76 and 1.19 mg
ml!, respectively, which is in contrast with the synthetic
reaction (Table 3). Based on our results, the kinetics data
indicates that Phol favors synthetic direction over phos-
phorolytic direction. Therefore, in the etiolated rice
seedlings, Phol may play a role in starch synthesis.

In higher plants, the flow of carbon from Glc 1-P to
starch was focused on ADPGlc pyrophosphorylase, starch
synthase, starch branching enzyme, and starch
debranching enzyme (Smith et al., 1997). However, the ex-
pression of Pho2 ¢cDNA in potato (Brisson et al., 1989; St-
Pierre and Brisson, 1995), spinach (Euwenig et al., 1997),
and pea (Van Berkel et al., 1991) suggests that the enzyme
is involved in starch biosynthesis. Thus, it is reasonable
to speculate that starch phosphorylase might play some
role in starch metabolism. The glucan-trimming model (Ball
et al., 1996; Myers et al., 2000) suggests that starch syn-
thase elongates glucan chains and branching enzyme in-
serted branches to form a highly branched structure known
as preamylopectin. Preamylopectin molecules are then
trimmed by the starch debranching enzyme. The short

chain maltooligosaccharides liberated in the trimming re-
action are converted to longer chain glucan molecules by
the action of glucan-degrading enzymes such as
isoamylase, starch phosphorylase, and debranching-en-
zyme (Takaha et al., 1998; Mu et al., 2001). It has been pro-
posed that debranching-enzyme and starch phosphorylase
might participate in the recycling of maltooligosaccharides
for use in starch synthesis (Myers et al., 2000; Takaha et
al., 1998; Mu et al., 2001; Yu et al., 2001). The longer-chain
glucan molecules can then be utilized by starch phospho-
rylase via the phosphorolytic reaction to generate Glc 1-
P. Glc 1-P could be utilized by ADPGic pyrophosphorylase
for the synthesis of starch (Mu et al., 2001; Yu et al., 2001).

Phol has high similarity to the animal glycogen phos-
phorylase in structure (Nakano and Fukui, 1986; Mori et
al., 1993). When compared to Pho2 from sweet potato, Phol
lacks the loop 78 made up of inserted 78 amino acids. Loop
78 was hypothesized to be inserted in the starch-binding
site of the ancestor phosphorylase gene during evolution
(Chen et al., 2002). Loop 78 might serve as a switch that
regulates Pho2 by initiating the synthesis of amylose to
act as a primer in starch biosynthesis or, perhaps, cata-
lyzing the phosphorolytic reaction to degrade starch in
sweet potato (Chen et al., 2002).

The Phol content in rice is low. Nevertheless, it is still
much higher than Pho2. Pho2 in rice was only present dur-
ing the first day of enzyme extraction. We therefore focus
on the analysis of Phol in this study. The identification
and characterization of Phol from etiolated rice seedlings
presented here provides a foundation for future studies
of this rice enzyme.
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F=in HEE BRPW FTE
Eihve- P == dlee S E (ATt &2

R B RRES (starch phosphorylase » f5ifE SP ) R2EiEYkm (I EERRC — » A#(bBE%
PE-1-BilE (Gle 1-P) &FL a-1L4-8FHE (a-1,4-glucan) A& - fEfEYH - TEEA H B L 3l
SP o {EE/KEEEF - FMTERTKEBRBE#EES (rice starch phosphorylase, RSP) [l H A5 T 2RI
=0 i L B AL » BRTEAI#iL H-RSP EHE - DIER 67 SRk bE RAR - EhEsE 8] -
w72 =T ( DEAE-Sepharose CL-6B) ~ Z1F1/[E#T (dextrin-Sepharose 4B) - nJ{5Z(5’E H-RSP - #ii
{LfEEHT 300 £Z > EIREEHT 21% - #8 FPLC Superose 12 RS @E#ETE - HIFEHTFER 145kDa - H
SDS- PAGE &k @ BAIHKX BT ST ER 85kDa « f#[fE pH {ER 55 Rl ERE R 45~50T -
e L H-RSP #8 Gle 1-P 2 K {EHR 2.1mM 5 ¥V, {EF 585 Umg’ - 7Rl /7 | - HIHEER
Rz K, ER 3.8 mM o il HEFASTRER - FFEE - RIS By SRS < s - TSR ES B
(malto-oligosaccharide, G, ) FIFIME(E » 5340 - H-RSP ¥{fkiifEs K {H - RsZ8ERkRY 9 £ - BAEAS
Wi - BRIRETIE - RMR B UNE - )% H-RSP HIIfE - [T Mannose 1-P ~ Fru 6-P ~ ADPGlc -
UDPGIc + AMP ~ IMP B2 PEP th & #iHIEERTEE - GEEEF Ag" > Hg” Ml Zn” FIEEERVEME - (EiiEF
EAEaibaaln (e ERSEE - BURH ITREEEERTRE M HEFERA -
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