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A bstract. Two phosphorylases have been found in the endosperm of Zea mays. Phos-
phorylase I is found through all stages of endosperm development and seed germination
investigated. The other enzyme, phosphorylase II appears only at the stage of rapid starch
biosynthesis and is not found during germination. At 22 days after pollination, the activity of
phosphlorylase II is 10 times that of phosphorylase 1. These 2 phosphorylases are separable
by column chromatography and behave differently in several respects.

Phosphorylase I cannot utilize maltose as a primer while phosphorylase II does so readily.
Furthermore, phosphorylase II can synthesize an amylose-4ike polymer from a "primer free'"
system after a lag phase.

Phosphorylase II is inhibited severely at pH 5.8 by ATP, GTP, ADP, and GDP, and less
drastically by UITP, CTP, UDP and CDP. Phosphorylase I is somewhat inhibited by purine
nucleotides but not by pyrimidine nuoleotides. In all cases, the inhibition is pH-dependent.
Phosphorylase I is inhibited competitively by ATP while phosphorylase II is inhibited non-
competitively.

Phosphorylase II is markedly stimulated by 10 mmt Mg2' and by 2 mM ethylenediamine
tetraacetic acid while phosphorylase I is relatively little affected.

Phosphorylase (a-1,4-glucan: orthophosphate
glucosyl,transferase) was first discovered in liver
tissue (2) to catalyze a reversible reaction between
glucose-1-phosphate (glucose-1-P) and glycogen.

Glucose-i-P + Glycogen (G)n ;± Glycogen
(G)n +l + Pi. Soon after this discovery, the same
type of reaction was demonstrated in tissues of
higher plants (8, 9). It was then assumed that
phosphorylase might be playing an important role
in glycogen and starch biosynthesis. However, in
1957 another enzyme, uridine diphosphate glucose-
glycogen transglucosylase (UDPG-glycogen trans-
glucosylase), was found in liver tissue (14). It
used uridine diphosphate glucose (UDPG) as a
substrate and transferred the glucose moiety into
glyc-ogen. Subsequently, a similar enzyme was
found bound to the starch granules of higher plants
(4,15), but this enzyme preferentially used adeno-
sine diphosphate glucose (ADPG) as a substrate
(20, 22).
UDPG (ADPG) + Primer (G)n UDP

(ADP) + Product (G)n+I
The energy level of the hydrolvsis of the gluco-

sidic phosphate bond (AF' = -7600 cal) of UDPG
is greater than that of the phosphate ester linkage
(AF' = -4800 cal) of the glucose-i-P with re-
spect to the a-1,4 linkage (ALFO = -4300 cal) in
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the polysaccharide. Also the overall reaction. in the
transglucosylase system (K' eq=250) is more
favorable for synthesis in comparison to that of the
phosphorylase system (K' eq=3) at pH 7.5 (10).
The most direct evidence that most starch biosyn-
thesis occurs via a transglucosylase system, comes
from studies of a starch-deficient maize mutant,
shruinken-2 (sh,), that lacks adenosine; diphosphate
gltucose pyrophosphorylase (ADPG-pyrophosphory-
lase) activity (26). Starch synthesis is substan-
tially reduced, probably because the substrate,
ADPG, for ADPG-starch transglucosylases is
limiting.

The albove evidence suggests that the starch
synthesis is predominantly via transglucosylases and
rules out the possibility that the major portion oof
starch synthesi,s proceeds by way of starch phos-
phorylase. Other arguments were earlier raisedi
against the partici,pation of starch phosphorylase in
hiosynthesis. The high Pi/glucose-1-P ratio in the
living bark of black locust (6) suggested that
starch phosphorylase was mainly responsible for
starch degradation in that tissue.

In spite of these argumenits against staroh phos-
phorylase as a major enzyme for starch biosyn-
thesis, there are indications that tran9sglucosylae
reactions may not be wholly responsible for syn-
thesis. Since transglucosylases require a primer of
short chain length, the initiation of starch synthesi.s.
rema,ins a problem. Recently, studies on muscle
phosphorylase and potato phosphorylase showed that
the de novo synthesis of amylose can proceed in the
complete absence of primer (11) which suggests
that phosphorylase could be of special importance
in the early stage of polysaccharide biosynthesis..

103



PLANT PHYSIOLOGY

Also studies of carbohydrate storage products in
starch-4forming mutants of miaize (3,12,19) have
been intenpreted as indicating that there is more
than one pathway of starch synthesis. Therefore,
phosphorylase activity in maize endosperm has been
examined in detail.

Materials and Methods

Substrates and Reagents. Sodium salts of UTP,
GTP, CTP and ADP were purchased from Pabst
Laboratories. Disodium salts of glucose-l-P, glu-
cose-6-P, UDP, GDP, and dipotassittum salts of
ATP, CDP, and sodium sallts of 3-P-D-glyceric acid,
,pyruvic acid, and tricyclohexylammonium salt of
2-P-enolpyruvic, and AMP, Cellex D (DEAE: di-
-ethylaminoethyl), 2- ( N-morpholino) -ethanesulfonic
acidH2O (MES), reduced glutathione (GSH), and
amylopectin were purchased from Calbiochem. The
tetracyclohexylammonium salt oif fructose-1,6-diP
and the barium 'salt of fructose-6-P were purchased
from Boehringer and Sons, Germany. Maltose was
purchased from Nutritional Biochem. and glucose
from Baker Comnpany. The uniformly labeled glu-
co,se-'4C-1-P (specific activity 47 mc/mmole) was
obtained from Calbiochem.

Preparation of Enzymes. Samples of the nor-
mal (non-mut-ant maize, Zea mays L.) hybrid,
B37XB14, were collected 22 days after controlled
self-4pollination by freezing the entire ear on dry
ice. The samples were stored at -200 until
processing.

As the initial step in processing, the kernels were
cut from the cob. The embryo and the pericarp or
seed coat were removed from the kernel, leaving
the endosperm with a thin layer of closely adhering
tissue from the female parent.
A mixture of equal parts of endosperms and

chilled 0.01 M tris-maleate buffer (pH 7.0), was
homogenized for 3 minutes in a blender, strained
through 2 layers of cheese cloth, and centrifuged
for 20 minutes at 29,000 X g. From the super-
natant, the fraction precipitating at 25 to 45 %
(NH,)2S04 saturation was collected by centrifuga-
tion for 20 minutes at 18,800 X g, suspended in
chilled 0.01 M tris-maleate buffer (pH 7.0), and
dialyzed against the same buffer for 8 hours at 4°.

About 25 mg of protein/2 ml [measured by the
method of Lowry et al. (16)] was then added to a
DEAE-celflulose column (1 cm X 20 cm) equili-
brated with 0.01 M tris- maleate buffer at pH 7.0.
The proteins were eluted with a linear 0 to 1 M
NaCl gradient, buffered with the tris-maleate buf-
fer, and 5 ml fractions were collected. The enzyme
fractions were again dialyzed against 0.01 M tris-
maleate buffer (pH 7.0), for 8 hours at 40 to
remove the salt.

Survey of Enzymic Activity by Measuring the
Incorporation of Glucose-14C into an Ainylopectin
Primer. The reaction mixture contained 10 ptmoles

of MES buffer and 0.2 jumole of uniformly labeled
glucose-'4C-1-P (26,000-32,000 counits/min), 5 mg
of amylopectin and 10 j,uliters of enzyme solution
containing about 3 ,ug of protein in a total reaction
volume of 50 juliters for the phosphorylase II system
and 20 juliters of enzyme fraction containing about
7 jug olf protein in a total reaction volume of 60
ptliters for the phosphorylase I system. Incubation
was at 370 in a water bath for 15 to 60 minuites.

The enzymic reaction was terminated by the
addition of 0.5 ml of 0.1 N NaOH followed by the
precipitation of amylopectin with a final concentra-
tion of 75 % methanol. The pellet was collected
by centrifugation and washed 3 times with 0.1 N
Na'OH followed by methanol precipitation and cen-
trifugation. After resuspension in 0.1 N NaOH,
the entire amount of suspended material was then
distributed over a ringed planchet, 1.25 inch in
diameter, and evaporated under an infrared lamp
before counting in a gas flow cotunter (Nuiclear-
Chicago). All data presented have been corrected
by control values from reaction mixtures that did
not contain enzyme.

Measurement of Enzymic Activity with Iodine
Staining. The reaction mixture contained 20 ,umoles
of tris-maleate buffer (pH 7.0), 6 pmoles of glu-
cose-1-P and 0.25 % of malitose, 60 ,ug of protein/0.2
ml for the phosphorylase II or 70 jug of protein/0.2
ml for the phosphorylase I system in a total reac-
tion volume of 0.4 ml. After the reaction was
terminated in a boiling water bath for 30 seconds,
the reaction mixture was centriftugeid. To the clear
supernatant, 0.1 ml of 0.2 % iodine in 1 % KI
solution was added. After the addition of iodine
solution, a dilution off 1 to 10 with water was
made before reading in a Spectronic 20 at 660 mn,.

Measurement of Enzymic Activity from Germi-
nating Seeds. Mature seeds of the normal maize
(Zea mays L.) hybrid, B37XB14, were placed in
water and aerated overnight, then germinated in
sand for 3 days. The enzyme extraction and
the method of assay were based on the procedure
described under Preparation of Enzymes.

Measurement of Enzymic Activity at Different
Stages of Endosperm Development. The whole ears
of the normal hybrid, B37XB14, were collected
6, 12, 16, 22, and 28 days after controlled self-
pollination as described in the Preparation of
Enzymes.

The initial processing step was essentially similar
to the procedure described in the Preparation of
Enzymes, but for those materials collected 6 anid 12
days after pollination, the embryo was not separated
from the endosperm because of its small size. Only
the seed coat was removed.

The enzyme extraction was essentially similar
to the procedure described in the Preparation of
Enzymes except the (NH4)2 SO4 precipitation was
omitted. The method of assay was based on the
procedure described in the Survey of Enzvmic
Activity by MIeasutring the Incorporation of Glu-
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FIG. 1. Phosphorylase activity in the maize endo-
sperm. For the tracer assay, reaction mixtures con-
tained 10 ,umoles of MES buffer, pH 5.8, 0.2 ,mole
of glucose-14C-1-P (32,000 cpm), 5 mg of amylopectin
and 30 ,uliters of enzyme fraction in a total reaction
volume of 60 ,uliters. Incubation was 30 minutes. For
the iodine staining technique, reaction mixtures con-
tained 20 ,moles of tris-maleate buffer, pH 7.0, 6
,wmoles of glucose 1-P, 0.25 % of maltose and 0.2 ml of
enzyme fraction in a total reaction volume of 0.4 ml.
Incubation was 45 minutes at 37.*0-a-0 Protein
profile of DEAE-cellulose fractionation (measured by
Lowry method). X-X-X Activity measured by the in-
corporation of glucose-14C into amvlopectin primer.
Q-0-Q Activity measured by iodine staining tech-
nique using a maltose primer.

cose-'4C into an Amylopectin Primer. Activity was
expressed on a per endosperm basis.

Results

Phosphorylase Activities in the Maize Endo-
sperm. Figure 1 indicates that the preparation
from the developing endosperm 22 days after pol-
lination gives 2 peaks of phosphorylase activity that
are physically separable by DEAE-cellutlose coltumn
chromatography. Both enzymes are capable of
transfering the glucose moiety from gluicose-l-P
into starch. Only the later peak enzyme is capable
of synthesizing a blue-staining polymer when mal-

Table I. The Specific Activity of Phosphlorylases
I and II

Reaction mixtures contained 0.2 /rmole of glucose
14C-1-P (28,000 cpm), 10,moles of MES buffer, pH
5.8, 5 mg of amylopectin and 10lliters of enzyme so-
lution in a total reaction volume of 50 ,lAiters. Incuba-
tion was at 370 for 30 minutes.

Specific activity
(Anmole of glucose-14C X 10-4
incorporated/,ug of protein/

Enzynme 30 mrins)
Dialyzed homogenate 0.33
Phosphorylase I 8.62
Phosphorsylase II 80.40

tose is the primer. The early peak activity (maxi-
mum acbivity at fraction 4), after DEAE-cellu-
lose coluhmn fractionation, is the enzyme designated
as phosphorylase I while the later peak (maximum
activity at fraction 18) is phosphorylase II. Phos-
phorylase II activity is about 10 times that of
phosphorylase I on a per endosperm basis.

The specific activity (,lmoles of glucose-14C X
10-4 incorporated,/pg of protein/30 mins) for the
phosphorylase I and II preparations is 8.62 and
80.40 respectively at pH 5.8 (table I). The activity
of both phosphorylases was fotund to be linearly
proportional to the concentration of protein assayed.

The Effect of Cations, EDTA, and GSH on
Phosphorylase I and Phosphorylase II. Table II

Table II. The Effect of Cations, EDTA anid Reduiced
Glutathione owl Phosphorylases I anid II

Reaction mixtures containing 0.2 MAmole of glucose-
14C-4-P (26,000 cpm) 10 uditers of additive, 10 mmoles
of MES buf fer, pH 5.8, 5 mg of amylopectin and
enzyme as given under Methods, were incubated for 15
minutes for phosphorylase II and 45 minutes for phos-
phorylase I.

Radioactivity
Amount of Phosphory- Phosphory-

Additives additive lase II lase I

plmolc cpni cprl
None 310 629
Mg2+ 0.5 955 808
Mn2+ 0.5 997 972
Fe2+ 0.1 311 327
Zn2+ " 0 230
Cu2+ " 10 6
Ag+ " 18 15
Hg2+ " 22 18
EDTA " 1020 701
GSH1 " 10 504

Enzyme was preincubated with GSH for 30 minutes
before the addition of glucose-i-P.

shows that at 4 mM glucose-1-P, 10 mM Mg2' and
Mn2+ stimu11a;te phosphorylase I activity b, 50 %
while phosphorylase II is stimulated more than
300 %. Phosphorylase I is inhibited 60 % by 2 mm
Zn2+ and 50 % by 2 m.\ Fe2+ while 2 mM Fe2+ has no
effect on phosphorylase II. PhoFiphorylase II is
completely inhibited by 2 mM Zn2. Both enzymes
are strongly inhibited by 2 mM concentrations of
heavy metal ions. EDTA (2 mM) has little effect
on phosphorylase I, btut it stimtllates phosphorylase
II more than 300 %. Phosphorylate I is not af-
fected by 5 mM GSH, bult phosphorylase II is
completely inactivated.

The Effect of Nucleotides and Glycolytic Inter-
mnediates on the Activity of Phosphorylaise I (ind
Phosphorylase II. Phosphorylase I is inhibited
about 45 % at pH 5.8 by pturine ntucleosi(le diphos-
phates and triphosphates, btut is not affected by
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Table III. The Effect of Nucleotides and Glycolytic Intermnediates
Reaction mixtures containiing 0.2 ,umole of glucose-14C-1-P (32,000 cpm), 10 ,liters of additive, 10 Anmoles of

MES buffer in a final volume of 50 MAliters, and enzyme as in Methods were incubated for 30 minutes for phos-
phorylase II and 60 minutes for phosphorylase I.

Radioactivity
Phosphorvlase II Phosphorylase I

Additives Amount of additive pH 5.8 pH 7.03 pH 5.8

pAmole cpm cpm cpm
None 1106 2532 780
ATP 0.20 416 2701 427
UTP " 707 2515 713
GTP " 115 2636 478
CTP " 689 2535 757
ADP 0.25 365 2614 404
UDP " 759 736
GDP " 322 343
CDP " 747 748
5'-AMP 0.10 820 792
Glucose-6-P 0.20 1170 755
Fructose-6-P 1114 789
Fructose-1,6-diP 1108 768
3-Phospho-D-

glyceric acid 1100 780
P-enolpyruvate 0.20 1053 764
Pyruvate 1256 711
Mg2+ 0.5 3533
Mn2+ 3685
Mg2+ + ATP' 640
Mn2+ + ATP' 740
ATP + Mg2+ 2 300
ATP + Mn2+ 2 270

1 Enzynme preincubated with cation for 15 minutes then ATP and glucose-i-P were added.
iEn%zyIme prein-cubated with ATP for 15 minutes theni the cation aTnd glucose-i-P were added.

3 Data obtained from differenit enzyme preparations.

2 mm AMP (table III). Phosphorylase II is
severely inhibited by purine nucleoside diphosphates
and triphosphates with GTP being most effective.
AMP gives about 25 % inhibition. Pyrimidine
nucleobtides inhibit approximately 35 %. The gly-
colytic intermediaites tested, glucose-6-P, fructose-
6-P, fructose-1,6-diP, 3-P-glycerate, 2-P-enolpyru-
vate, and pyruvate, have no effect on either enzyme.

The pH-dependent A TP Inhibition of Phos-
phorylase I and Phosphorylase II. Figure 2 shows
that the pH optimum for phosphorylase I is 5.8 and
the enzyme activity is about 35 % of maxirmum at
pH 5.0. At pH values higher than 7.0, ATP has
no effect on this enzyme. However, when the pH
va(lue is lowered to 6.5 inhibition is noted.

For phosphorylase II, figure 3 shows that the
pH optimmum is 5.9, and activity is completelv lost
at pH 5.0. ATP has no effect on this enzyme at
pH values higher than 6.0. However, when the
pH value is lowered to 5.9 a pronounced inhibition
is observed. The phosphorylase II activity is com-
pletely inhibited by ATP at pH 5.5.

The Km Values for Phosphorylase I and Phos-
phorylase II. The Km values with glucose-i-P as
a substrate and amylopectin (5 mg/assay tube) as

a primer, with the
against the higher
were 3.3 mM for

- ~vv

0

- 500
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0

velocity (cpm/unit time) plotted
range of substrate concentration,
p)hosphorylase I and 4 mm for

/ *\

/
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/
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x
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FIG. 2. pH-dependent ATP effect on phosphorylase
I. Reaction mixtures contained 10 Atmoles of MES buf-
fer, 0.2 gmole of glucose-'4C-1-P (32,000 cpm), 5 mg
of amylopectin and 7 ,ug of protein/20 tuliters in a total
reaction volume of 60 A,liters. Incubation was 60 minutes
at 370. a-*4- Reaction mixture contained no
ATP. X-X-X Reaction mixture contained 0.2 *mole
ATP.
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FIG. 3. pH-dependent ATP effect on phosphorylase

II. Reaction mixtures contained 10 ,amoles of MES
buffer, 0.2 ,umole of glucose-14C-l-P (32,000 cpm), 5
mg of amylopectin and 3 ,tg of protein/10 /Aliters in a

total reaction volume of 50 Aliters. Incubation was 30
minutes at 37°. *-0-@ Reaction mixture contained
no ATP. X-X-X Reaction mixture contained 0.2
jmole of ATP.

phosphorylase II at pH 5.8. As indlicated in figture
4, for phosphorylase I in the presence of the in-
hilbitor (ATP), the Vmax re-mains unchanged, but
the Km is increased. This is characteristic of comn-

8

so

x 4o

3 6 12 24

I/S XIOd
FIG. 4. Km determination for phosphorylase I. Re-

action mixtures contained 10 ,moles of MES buffer,
pH 5.8, 5 mg of amylopectin and 7 ,ug of protein/20
juliters in a total reaction volume of 60 duliters. Incuba-
tion was 60 minutes at 370. V=cpm/60 min.

peti,tive inh!ibition. For phosphorylase II, on the
other hand, the Vmax is decreased by ATP, but
the Km value remains the same whether ATP is
present or absent (fig 5). This indicates that
phosphorylase II is non-competitively inhibited by
ATP.

5 10 20

i/S xio2

FIG. 5. Km determination for phosphorylase II.
Reaction mixtures contained 10lmoles of MES buffer,
pH 5.8, 5 mg of amylopectin and 3 ,ug of protein/10
,uliters in a total reaction volume of 50 pAliters. Incu-
bation was 30 minutes at 370. V=cpm/30 min.

The Effect of ATP and Substrate Concentration
on Phosphorylases I and II. At a glucose-l-P
concentration of 3.3 mm, phosphorylase I activity
is inhibited by higher concentrations of ATP.
However, at low concentrations of ATP the activity
is stiimtulated as shown in figure 6. With phos-
phorylase II, when the concentration of gltucose-i-P
is held constant (4 mM), the concentration of ATP
varied, and the resutlts plotted as percent inhibition
against the concentration of ATP, the resulting
curve approaches a sigmoidal curve in form (fig 7).
This raises the question as to whether phosphorylase
II is !an allosteric iprotein on which ATP acts as an
effector (17). When the activity is plotted against
substrate concentration for phosphorylase II (fig 8),
the curve is not as sigmoidal in form as that re-
lating activity to the concentration of ATP.

Primner Requirentents for Phosphorylases I and
II. Figure 1 shows that only phosphorylase II has
the ability to synthesize an amylose-like polymer
with maltose as a primer. Phosphorylase I shows
no such activity even when inctubated for 12 hours.
The inability to detect the synthesis of an amylose-

I
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FIG. 6. The effect of ATP concentration on phos-

phorylase I activity. Reaction mixtures contained 10
/Amoles of MES buffer, pH 5.8, 10 uliters of ATP solu-
tion, 0.2,mole of glucose-14C-1-P (32,000 cpm), 5 mg
of amylopectin and 7 ug of protein/20 p,liters in a total
reaction volume of 60 LAliters. Incubation was 60 minutes,
370.

like polymer by phosphorylase I is not due to the
presence of other starch degradatbive enzymes. A
mixture of both phosphorylase I (fraction 4) and
phosphorylase II (fraction 21) shows the phos-
phorylase II activity is not affecte.d as measured
either by the iodine staininig techniqtue or incor-

so
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(ATP) mM
FIG. 7. The effect of ATP concentration on phos-

phorylase II activity. Reaction mixtures contained 10
,umoles of MES buffer, (pH 5.8), 10 ,uliters of ATP
solution, 0.2 Amoles of glucose-14C-1-P (32,000 cpm),
5 mg of amylopectin and 3 ,ug of protein/10 Aliters in
a total reaction volume of 50 ,uliters. Incubation was

30 minutes, 370.
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FIG. 8. The effect of G-1-P concentration on phos-

phorylase II. Reaction mixtures contained 10 umoles
of MES buffer, (pH 5.8), 10lOiters of glucose-14C-1-P
(2000-36,000 cpm) and 3 jug of protein/10 ,uliters in a
total reaction volume of 50 ,uliters. Incubation was
30 minutes, 370.

poration (table IV). Besides using maltose as
primer, phosphorylase II can synthesize an amvlose-
like polymer from a "primer free" system (fig 9).

Phosphorvlase Activity during Endosperm De-
velopment. Phosphorylase activity is determined by
measturing the whole peak of activity after separa-
tion on the column. Since the purpose here is to
study the development of the endo-sperm, the enzymic
activity is expressed as j,moles of glticose-14C X
10-1 incorporated per endosperm into an amylopecAin

0.8

z~~~~~~~

zj0.4,
0

2 12 /2 3 3 Y2
HOURS

FIG. 9. Priming activity for phosphorylase II. Re-
action mixtures contained 20 ,moles of tris-maleate buf-
fer, pH 7.0, 6 umoles of glucose-l-P, 0.25 % maltose
or 0.125 % glucose as primers, and 0.2 ml of enzyme
fraction in a total reaction volume of 0.4 ml. After
termination of the reaction, the mixtures were reacted
with a KI 112 stain. *-*-* System contained
0.25 % maltose as a primer. X-X-X System contained
0.125 % glucose as a primer. 0-0-0 System con-
tained no primer.
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Table IV. The Activity of Enzyme Mixtures
The reaction mixtures for incorporation contained 0.2 umole of .glucose-14C-1-P (26,000 cpm) 10 *tmoles of

MES buffer, pH 5.8 and enzyme solution (for phosphorylase I, fraction 4 was used, and for phosphorylase II,
fraction 21 was used) were incubated for 30 minutes with amvlopectin as a primer. Wheii activity was measured
by the production of a substance staining with iodine, incubationi was 90 minutes with maltose as a primer.

Activitv

Amount of Incorporation OD
Enzymes enizyme added amylopectin primer maltose primer

cPm
Phosphorylase I 10 Aliters fraction 4 359 0.0

+ 10 Aliters H20
Phosphorylase II 10 ,uliters fraction 21 379 0.300

+ 10 ,uliters H20
Phosphorylase I + II 10 uliters fraction 4 689 0.300

+ 10 ,uliters fraction 21

primer. Figure 10 shows that phosphorylase I
activiity increases from 6 days to 28 days after
pollinaition. The activity of phosphorylase II is not
detectable at 12 days, has appeared at 16 days, and
gives maximum activity at 22 (lays after pollination.
Then the activity declines.

Phosphorylase Activity diurintg Seed Germina-
tion. Phosphorylase II activity is not detectable
3 days after germination was initiated. Figuire 11
gives the protein and aetivity proifiles of an extract
made from the germinaiting seeds. The ability to
transfer glucose from glucose-i-P to the amylo-
pectin primer is found only in the position char-
acteri,stic of phosphorylase I. No detectable ac-
tivity is fotun(d in the fractions where phosphorylase
II woutld be present. No direct comparison for the

6 12 16 22 28

DAYS AFTER POLLINATION

FIG. 10. Survey of phosphorylase activity during
endosperm development. Reaction mixtures contained
10 ,umoles of MES buffer, pH 5.8, 0.2 /Amole of glucose-
"4C-i-P (26,000 cpm), 5 mg of amylopectin and 10

,uliters of enzyme fraction. Incubation was 45 minutes
for phosphorylase I system and 15 minutes for phos-
phorylase II. 0-0-0 Phosphorylase II activity.
X-X-X Phosphorylase I activity. 0-0-* Per-
cent of starch.

phosphorylase I activity between endosperm devel-
opment and seed germination has been made.

Inhibition and Reactivation of Phosphorylase II.
Activity after ATP inhibition can be partially re-
covered by the readjustment of the reaction mixture
to a higher pH range. Figure 12 shows that the
addition of ATP during incubation at pH 5.5 shuts
off the incorporation of glucose-l-C into the amylo-
pectin primer very rapidly. However, with the
readjustment of the inhibited system to above pH
6.5 the activity is partially restored. The inhibition.
of phosphorylase II activity by ATP is not relieved
by either Mnn2+ or Mg2+ at 10 mm concentrations
(table III).

iN _~~~~~~~~~~~~~~~~~~~~~
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FIG. 11. Phosphorylase activity after 3 days of ger-
mination. Reaction mixtures contained 10 ,umoles of
MES buffer, (pH 5.8), 0.2 ,umole of glucose-14C-1-P
(26,000 cpm), 5 mg of amylopectin, and 20 ,uliters of
enzyme fraction. Incubation was 45 minutes. *-*-*
Protein profile of DEAE-cellulose column fractionation.
X-X-X Radioactivity.

Discussion

Experimental data indicate that 2 kinds of phos-
phorylase activity are found in maize endosperm.
The enzymes in these fractions behave differently
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FIG. 12. Inhibition and reactivation of phosphorv-

lase II. After 10 minutes of incubation, 0.2 ,mole of
ATP was added to a system containing 5 Amoles of
MES buffer, pH 5.5, 0.2 ,tmole of glucose-'4C-1-P
(26,000 cpm), 3 ,ug of protein/10 ,uliters enzyme solu-
tion and 5 mg of amylopectin. Twenty minutes after
the addition of ATP, 20 pmoles of MES buffer (pH
7.0) were added to readjust the pH to above pH 6.5.

in several important aspects. Phosphorylase I and
phospharylase II have quite different responses to
cations (table II).

Particularly interesting is the fact that both
enzymes are found to be inhibited by pillrine nuicleo-
tides at pH 5.8. However, 2 mm AMIP has no

effect o-n phosphorylase I at the substrate (glutcose-
1-P) concentration of 4 mM, and 5 mM concentra-
tions of pyrimidine nucleloside diphosphates and

4 mxi triphosphates have little or no effect. Phos-
phorylase II is inhibited by 35 % by those levels of
pyrimidine nucleoside diphosphates and triphos-
phates. The inhibition of both enzymes by ATP
or GTP is found to be depenideint on pH. For
phos.phorylase I, ATP inhibition occuirs when the
pH value is lowered to 6.5. For phosphorylase II,
on the other hand, no inhibition caII he observed
when the pH valuie is higher than 6.0. If the pH
valuie is lowered to 5.9, a pronotunced inhibition by
ATP is observed. 'I'his remarkable effect, by
changing 0.1 uinit of the pH scale, suiggests that
the proitein conformation may be changed in stuclh
a way that the bindinig of ATP to the enzyme
molecule can occulr. The curve for- the biEndlof of
the effector, ATP, to phosphorylase II appears
sigmoid (filg 7). This stuggests that phosphorylase
II may be a regulatory enzyme (1). Since ATP,
ADP, and 5'-AMP all inhilbit phosphorylase II,

when the pH is lowered to 5.9, and silnce the inh,ibi-
tion also can be partially reversed by raisiig the
pH as shown in figuire 12, pH cotldf play an im-

portant role in regulating phosphorylase ITI activity
in vivo. Pho.sphorylase IT, however, is (lifferenit
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from animal phosphory lase with respect to ATP
inhibition. ATP inhibits comipetiitively the activa-
tion of phosphoryl,ase b by 5'-AMP. Thus, the
ATP/AMP ratio is important as a conitrol for
pho,sphorylase b (18).

Since starch transglucosylases require a primer
to start starch synthesis, it has been suggested that
phosphorylase is important in primer syntheesiis (11).
It has been shown that some starch phosphorylases
are capable of synthesizing an amylose-like polymer
from a "primer free" system (5, 7). It i,s ra;ther
interesting to find that phosphorylase II can syn-
thesize an armylose-like polymer from a "primer
free" system while phosphorylase I is not active
even with malltose as the primer. This leads to the
quiestion of the physiological significance of these
2 enzymes in maize endosrpierm.

Developmental studies indicate that phosphory-
lase I is constitutively present through all the stages
of developing endosperm examined and is foutnd
dulring germination while phosphorylase II activi,ty
has not appeared. Phosphorylase I is competitively
inhibited by ATP, and this inhibition may be a
control mechanism of starch degradation duiring
seed germination.

Phosphorylase II, oni the other hand, can syni-
thesize an amylose-like pollymer from a "primer
free" system, and one might suspect that this
enzyme were responsible for primer synthesis. If
thiis were the case, one should be able to see activity
present at early stages of endosperm development.
There is Io (letectable activity for phosphorylase II
12 day-s after pollination when starch is knowni to
be preseint. Although pho\sphorylase I is present at
early stages, this enzyme is not active with maltose
as a primer. This evidence makes it doubtfuil that
either phosphorylase I or II is responsiible for
primer synthesis in maize endosperm.

Phosphorylase II is only present at the period
when starch synthesis is pro,ceeding rapidly. This
rapid synthesis spans the period from 16 to 28 days
after pollination (3). Figuire 10 shows the parallel
increase of phosphorylase II activity and the forma-
tlioni of starch. One might wonder if this enzyme
l)artici)ates (I.reCtly in starch biosynthesis. Starch
phosphorylase has been conisidered as an uinlikely
candidate for starch synthesis because of high
Pi/gluicose-1-P ratio in many tisisues. Howvever,
the stu(lies oni the dexveloping pea see(d iliclicated
that the Pi/hexose monophosphate ratio decreased
from the initial stage of 13 to 2 duiring the develop-
men', (23). Further, much of 'the free phosphate
may be sequ1estered in the vacuole (21).

Another argument against the participation of
phoisphorylase in starch synthesis came previously
from stuilies on tobacco and potato leaf chloroplasts
b)y Stocking (24). In this organelle, starch grains
were fouind bnit no starch phosphorylase activity
was detected by histochemical and(l bicwhemical tech-
niques. However, the same investigator reported
later that tobacco leaf chloroplasts isolated in non-



TSAI AND NELSON-PHOSPHORYLASES I AND II OF MAIZE. ENDOSPERM

aqueous media contain at least 54 % of the cell
phosphorylase (25). Studies of tapioca and dahlia
chloroplast's indicated that preparations from both
plants had significant amo-unts of starch. There
was no de-tectable activilty for starch transgltico-
sy,lase, only starch phosphorylase activity (27).
A starch-deficient maize mutant, shrunkCie-2,

that lacks ADPG-pyrophosphorylase activity, syn-
thesizes only 25 to 30 % as muclh starch as normal
maize '(26). Since ADPG is the maiin substrate
for both soluble and starch grantule-bound trans-
glucosylases, the relatively small amount of starch
synthesis -in this mutant may 'proceed, in part, by
transfer of glucose from UDPG by soluible and
starch grantile--bound transglucosylase systems or
from glucose-i-P by starch iphosphorylase II.

One 'm'gh't ask if these 2 enzymes are inter-
convertible as are 'phosphorylase a and phosphorylase
b in the animal tissue. No direct sttudy has yet
been made of this pariticul'ar point. However, the
studies of purified potaito phosphorylase showed that
potato phosphorylase could not be inac'tivated by a
specific phosphatase (PR enzyme) which 'converts
phosphorylase a to b. No phosphorylation could
be detected by phosphorylase b kinase whiich coln-
verts phosphorylase b to a in'dicating that potato
phosphorylase is different from anima'l phosphory-
lase (13). It has been long known -that phos-
phorylase b requires 5'-AMP for activity while the
activity of phosphorylase a is independent of this
cofactor. However, phosphoryl,ase I and phos-
phorylase II in maize endosperm are both active in
the absence of cofactors. Both phosphorylases I
and II are inhibited by ATP buit not by glucose-6-P
at the concentration tested. ATP, and glulcose-6-P
have Ino effect on phosphorylase a bult comipetitively
inhibit the activation of phosphorylase b by 5'-AMP
(18).

The observations tha't phosphorylase II activity
is not detected at some developmental stages where
phosphoryla,se I is active, that the 2 activities are
physically separable by column chromatography, and
that importanit differences 'in behavior exist, sug-
gests that t'hese 2 phosphorylases are different
enzymes. Their role in starch synthesis or degrada-
tion 'is not elucidated, bbut ithe appearance of the
phosphorylase II activity during 'the 'period of most
rapid starch synthesis and its absence duiring
mobilization of endosperm starch during seed ger-
mination prompt Ispectulation as to a possible syn-
thettic role for this enzyme.

Addendum

After the preparation of this manuiscript, a thir(d
type of phosphorylase activity has been detected in
devel-oping end-osperms of maize. This activityt is
not detectable in crtude homogenates nor folloving
column chromatography since the enzyme apparently
exists in an inactive form as a complex with a

non-dialyzable, heat-labile inhitbitor. High activity
is found following protamine sulfate fractionation.
Preliminary evidence indicates that the 'activity is
not due to an altered form of phosphorylase I or
phosphorylase II.
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