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ABSTRACT

Branching enzyme [ (1 —4)-z-D-glucan:(1 —4)-x-p-glucan 6-glucosyltransferase,
EC 2.4.1.18] from developing amylomaize endosperms was fractionated by precipi-
tation with ammonium sulfate and separated into two forms by chromatography on
DEAE-cellulose. One form was purified to homogeneity, and found to be primarily
monomeric with a broad pH-optimum (pH 6.5-8.0), a low activity in Tris-HCI
buffer, and a molecular weight of ~ 90,000. These properties were similar to those of a
branching enzyme from normal maize kernels previously described. The purified
enzyme was apparently inhibited by a low concentration of mercury(II) chloride
and increasing concentrations of citrate. The K, value of the enzyme was 18 ug/mL
for potato amylose. Further purification of another form of amylomaize branching-
enzymes implied the possible presence of additional proteins having molecular weights
of ~92,000 and ~45,000. The total content of branching enzyme in amylomaize
endosperm was approximately one-third of that present in normal maize during
endosperm development. The results suggest that amylomaize endosperms may
contain at least three forms of branching enzyme, and that the decreased content of
amylopectin fraction in amylomaize starch may be associated with the decrease in
the total content of branching enzyme.

INTRODUCTION

The biosynthesis of the (1—4)-x- and (1—6)-x-D-glucosidic bonds of starch
in plants is usuvally considered to be catalysed by two starch synthetases, namely,
soluble starch-synthetase [ADP-p-glucose:(1—4)-x-D-glucan 4-x-D-glucosyltrans-
ferase, EC 2.4.1.217] and starch granule-bound starch-synthetase [nucleoside di-
phosphoglucose:(1 »4)-z-D-glucan 4-x-D-glucosyltransferase], and by a plant
branching-enzyme [(1-—+4)-o-D-glucan:(i—4)-x-D-glucan 6-glucosyltransferase, EC
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2.4.1.18], although participation of some other enzymes cannot be ruled out. The
purification and some properties of the starch-synthesising enzymes have been in-
vestigated for maize (Zea mays) kernels' ~>, potato (Solanum tuberosum) tubers® ™8,
rice (Oryza sativa) grains® "', and other plant tissues!? 715,

Storage starch of various plants, regardless of the species, normally contains
two major components, namely, ~25%; of amylose and ~759%; of amylopectin.
However, the relationship between these proportions and the properties of the starch-
synthesising enzymes is not understood. For example, how does part of the amylose
in the starch evade attack by the branching enzyme in vivo?

Among many endosperm mutants of maize, amylomaize is especially noted
either for an increased content of amylose, or for an altered structure of amylopectin
in the endosperm starch!®~29. These facts seem to imply that the starch-synthesising
enzymes are influenced qualitatively and/or quantitatively by the recessive amylose-
extender (ae) allele during the biosynthesis of amylomaize starch. We reported?!
variations in the disc-gel electrophoretic patterns for multiple forms of soluble starch-
synthetase due to the recessive ae allele. The slow-moving bands of the starch synthe-
tase were observed only in the presence of the ae allele and at limited stages of endo-
sperm development. In addition, a fast-moving starch synthetase synthesised a product
whose iodine complex had a 4_,, value that changed to longer wavelengths with
increasing doses of ae. Boyer and Preiss® also reported that amylomaize kernels were
deficient in one cf the three forms of branching enzyme found in normal maize, and
suggested that the absence of the branching enzyme might result in fewer branch
points in amylomaize amylopectin. Thus, it seems possibie that the recessive age allele
produces these qualitative effects on certain enzymes implicated in starch biosynthesis.
However, quantitative changes of the starch-synthesising enzymes during amylo-
maize-starch biosynthesis, and detailed characterisations of branching enzymes
from amylomaize endosperms, have not been reported.

V¥e have now characterised the branching enzymes from developing amylo-
maize endosperms, and have compared the content of branching enzyme in normal
and amylomaize endosperms during development. The overall purpose of this in-
vestigation was to elucidate, in further detail. the role of the recessive ae allele in the
starch biosynthesis of maize.

EXPERIMENTAL

Materials. — The dent inbred M-14 homozygous seeds for ae and its non-
mutant were obtaired from Dr. E. Amano (National Institute of Genetics, Misima,
Sizuoka, Japan), and they were field-grown in 1980 at The Tsukuba Agricultural
Technical Center in our University. Developing kernels of each genotype were
harvested at 10, 14, 18, 22, 28, and 36 days after self-pollination, quickly frozen on
“Dry Ice™, and then stored at —20° untii used*>. Potato amylose (Type IiI) and
rabbit-muscle phosphorylase a (twice crystallised and lyophilised powder) were
purchased from Sigma, d.p.(average degree of polymerisation)-17 and d.p.-100
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amylose were obtained from Hayashibara (Okayama, Japan), and D-glucose 1-
phosphate was obtained from Boehringer Mannheim. All other reagents were of the
highest purities available.

Preparation of affinity resins. — An affinity resin with d.p.-17 amylose attached
to Sepharose 4B (Pharmacia) was prepared according to the method of Matheson
and Richardson??. Washed Sepharose 4B (10 g) was activated by being stirred at
room temperature in 0.2M Na,CO; (40 mL) containing cyanogen bromide (1 g),
and the pH of the solution was maintained at 11.0 by dropwise addition of a NaOH.
The activated Sepharose was immediately washed with ice-cold water (400 mL) and
0.2M NaHCO, (400 mL), and then suspended in 0.2 NaHCO; (40 mL) containing
4 g of diaminohexane (pH 9.5). The slurry was gently stirred overnight at 4°, filtered,
and washed with 0.2M NaHCQ, and water (400 mL of each). A solution of d.p.-17
amylcse (400 mg) in 0.2 NaHCO; (40 mL) was mixed with 809, cyanogen bromide
in 100 puL of acetonitrile for 90 s. The w-aminohexyl-Sepharose was added to the
mixture and stirred overnight at 4°. The gel was then filtered off, washed with 0.2m
NaHCO; and water (400 mL of each), and finally stored in water confaining 0.02 %,
of NaN; at 0-4°.

w-Aminobutyl-Sepharose 4B was prepared as described by Shaltiel and Er-E1?*.
The gel was also stored in water containing 0.02 % of NalN; at 0—4° until used.

Assays for branching-enzyme activity. — The assay procedures were essentially
similar to those described by Boyer and Preiss*, and by Brown and Brown?>. In-
cubations were conducted at 30° in glass tubes.

Assay A. The basis of the assay was a stimulation by branching enzyme in the
direction of synthesis of z-D-glucan from D-glucose 1-phosphate catalysed?® by rabbit-
muscle phosphorylase a. The reaction mixture consisted of 0.1M sodium citrate (pH
7.0), mM AMP, 50m» p-glucose 1-phosphate, 40 pg of rabbit-muscle phosphorylase a,
and enzyme in a final volume of 0.2 mL. The mixture was incubated for 60 min, and
the reaction was terminated by the addition of 59 aqueous trichloroacetic acid
(0.8 mL). The precipitate formed was removed by centrifugation, and the inorganic
phosphate content of the supernatant solution was measured by the method of Fiske
and SubbaRow?®. One unit of enzyme activity was defined as 1 umol of inorganic
phosphate liberated from D-glucose 1-phosphate per min under these conditions.

Assay B. Branching-enzyme activity was also assayed by the decrease in ab-
sorbance of an amylose-iodine complex*. The reaction mixture consisted of 0.1m
sodium citrate (pH 7.0), 200 ug of potato amylose, and enzyme in a final volume of
0.2 mL. Each aliquot (50 pL) sampled at time intervals was added with water (0.35
mL) to iodine reagent (2.6 mL). Absorbance of the p-glucan—iodine complex was
recorded on a Hitachi Model 100-50 spectrophotometer over the range of 400-700 nm.
One unit of activity was defined* as a decrease in absorbance of 1.0 at 660 nm per
min. The iodine reagent was prepared according to the method of Krisman®? except
that the iodine solution was diluted with water instead of saturated CaCl, solution.

Assays for other enzyme activity. — Phosphorylase (EC 2.4.1.1) activity was
measured in the direction of production of iodine-staining p-glucan, using soluble
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starch (0.2%) as a primer>>. Activities of alpha-amylase (EC 3.2.1.1) and R-enzyme
(EC 3.2.1.41) were measured by the method of Drummond et al.”.

Purification of branching enzyme. — All purification procedures were carried
out at 0-4°. Endosperm tissues were prepared by removing embryo and pericarp
from kernels harvested at 22 days after pollination. The endosperms (200 g) were
ground with 190 mL of 50m» Tris-HCI buffer (pH 7.5) containing 5mM ethylene-
diaminetetra-acetic acid (EDTA) and 5mM l.4-dithiothreitol (DTT) in a Waring
Blendor for a few minutes. The homogenate was filtered through two layers of cheese-
cloth, and the remaining tissues were further ground repeatedly with more (2 x
100 mL) of the extracting buffer, using a mortar and pestle. After a third grinding,
each filtered extract was combined and centrifuged at 28,000g for 20 min.

Step 1. Solid (NH,),SO, was added to the crude extract to 0.5 saturation. The
mixture was stirred for 2 h and centrifuged at 10,000g for 20 min. The supernatant
solution was discarded, and the precipitate was dissolved in a minimum volume of
50mmM Tris-HCI buffer (pH 7.5) containing Smyt EDTA and m»y DTT, and then
dialysed overnight against 6 L of the same buffer.

Step 2. The dialysed enzyme fraction was applied to a column (8.2 x 20 cm)
of DEAE-cellulose (Whatman DE-52) that had been equilibrated with the abave
buffer. The column was washed with the same buffer (300 mL), and then the enzyme
was eluted with a linear gradient of 0—0.4y NaCl in the same buffer (500 mL in
each reservoir). Each fraction (15 mL) was coilected at a flow rate of 40 mL/h and
subjected to Assays A and B. Two peaks of branching-enzyme activity were observed
as previously described® (Fig. 1). Branching-enzyme fraction I (B.E. I), which was
not adsorbed on the first DEAE-cellulose column, was concentrated in an Amicon
ultrafiltration 402 cell equipped with a Diaflo UM-20 membrane, and then dialysed
overnight against 2 L of the same buifer.

Step 3. Fraction B.E. I was adsorbed on a column (1.6 x 10 cm) of d.p.-17
amylose-Sepharose 4B which had been washed with 500 mL of 50mm Tris-HCI
bufter (pH 7.5) containing 5my1 EDTA, my DTT, and 0.5M NaCl, and then equilib-
rated with the same buffer free of 0.5y NaCl. The column was thoroughly washed
with the equilibrating buffer, and the enzyme was eluted with the same buffer con-
taining d.p.-17 amylose (0.5%). The active fraction of B.E. I was concentrated
by the ultrafiltration system, and dialysed overnight against 2 L of 50m»1 Tris-acetate
buffer (pH 9.2) containing SmM EDTA and mMm DTT.

Step 4. The dialysate of the affinity-column fraction was adsorbed on a column
of 1 mL of DEAE-cellulose in a 3-mL syringe previously equilibrated with the above
Tris-acetate buffer. The column was washed with the same buffer (20 mL), and the
enzyme was eluted with a linear gradient of 0—0.1M NaCl in the same buffer (50 mL
in cach reservoir) at a flow rate of 20 mL/h. Fractions (2 mL) were collected and
assayed. The active fractions were combined, carefully adjusted to pH 7.5 with M
acetic acid, and concentrated by a Mini-Module NM-3 ultrafiltration system (Asahi
Kasei Co. Ltd., Japan). The concentrate was then dialysed overnight against 2 L
of 50mm Tris-acetate buffer (pH 7.5) containing 5SmM EDTA and mM DTT, and the
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dialysed solution was used as the final preparation of B.E. I. Chromatography on the
second DEAE-cellulose column was done to separate B.E. I from d.p.-17 amylose,
which was not adsorbed onto the DEAE-cellulose column.

Disc-gel electrophoresis. — A 7.5 polyacrylamide gel with Tris-glycine buffer
system?®-2% was used. In some experiments, potato amylose (0.3 mg/mL) was polymer-
ised in running gel, for the purpose of detection of the band of branching-enzyme
activity*. After electrophoresis at 2 mA per tube at 0-4°, the active band was detected
by incubation of the gels in 0.1s sodium citrate buffer (pH 7.0) for 2 h at 30°, followed
by staining with an iodine reagent containing 0.2% of I, and 2% of KI in 0.01» HCI.
Protein bands were detected by staining with Coomassie Brilliant Blue (Sigma).

Estimations of molecular weight. — Estimation of the molecular weight of
branching enzyme by gel filtration on Sephadex G-150 was performed with a column
(1.6 x 75 cm) previously equilibrated with 50m» Tris-HCl buffer (pH 7.5) containing
Sma EDTA, my DTT, and 0.5M NaCl. The series of standard proteins used were
rabbit-muscle aldolase (mol. wt. 158,000), bovine serum albumin (68,000), oval-
bumin (45,000), chymotrypsinogen A (25,000), and cytochrome C (12,500). Sodium
dodecyl sulfate (SDS) gel clectrophoresis was performed on 7.59%] polyacrylamide
gels according to the method of Weber et a/.>°. The same standard proteins, except
for aldolase, were used to estimate the molecular weight of the branching-enzyme
subunit. The protein bands were detected with Coomassie Briiliant Blue as described
above.

Protein determination. — The method of Lowry er al.>* was used with bovine
serum albumin as the standard.

RESULTS

Purification of branching-enzyme fraction I. — This fraction (B.E. I) from
developing amylomaize endosperms, which was not adsorbed on the first DEAE-
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Fig. 1. Chromatography of amylomaize branching-enzymes on DEAE-cellulose: branching-enzyme
activity, Assay A (—@—) and Assay B (..A..); NaCl concentration (———). The procedure is
described in the Experimental section.
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Fig. 2. Chromatography of B.E. I on d.p.-17 amylose-Sepharose 4B affinity column. The enzyme
was eluted from the column with 0.5%;, of d.p.-17 amylose (E —). Fractions (9 mL) were collected
at a flow rate of 40 mL/h and subjected to Assays A (—@—) and B (..4A...). Protein was followed by
the absorbance at 280 nm (—C—).
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rig. 3. Estimation of molecular weight of B.E. I by Sephadex G-150 gel filtration (—@—) and
SDS gel electrophoresis (—Jl—). Standard proteins were A, cytochrome C; B, chymotrypsinogen A;
C, ovalbumin; D, bovine serum albumin; E, rabbit-muscle aldolase. The values obtained for B.E. 1
are indicated by the open circles.

cellulos: column (Fig. 1), was purified by an additional fractionation procedure
including chromatography on an affinity column of d.p.-17 amylose-Sepharose 4B
(Fig. 2) and a second column of DEAE-cellulose. Table I summarises the purification
of amylomaize B.E. I. The final enzyme preparation was purified ~70-fold, with a
6.0 yield in Assays A and B, over the original (NH,),SO, fraction. No activities
of alpha-amylase and R-enzyme could be detected in the final preparation.
Properties of B.E. I. — (a) Disc-gel electrophoresis. Polyacrylamide disc-gel
electrophoresis showed that, when ~30 ug of protein from the final B.E. I prepara-
tion was applied onto a 7.5%; gel column (pH 8.9), only a single protein band having
an R, (relative migration value to the tracking dye) of 0.51 could be stained after
electrophoresis under the conditions described in the Experimental section. When
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Fig. 4. Effect of temperature on B.E. I activity. The reaction mixture is described in the Experimental
section as branching-enzyme Assay B. The enzyme concentration was 1.8 units/mL. Incubations
were carried out for 60 min at the temperatures indicated.
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Fig. 5. Effect of pH on B.E. I activity. The enzyme solution (1.8 units/mL) was incubated at 30° for
60 min with potato amylose (1 mg/mL) in buffers at the pH values indicated. Sodium citrate (—@—),
phosphate (--A --), Hepes-NaOH (--[3--), Bicine-NaQH (—C—), Tris-HCl (——8—), and glycine~
NaOH (—A—) buffers were used at the concentration of 0.1 in the pH ranges 4.3-7.5, 6.2-8.0,
6.5-3.0, 7.0-9.0, 7.0-9.2, and 8.1-9.9, respectively. The enzyme activity was measured as branching—
enzyme Assay B (see Experimental).

the running gel was polymerised in the presence of potato amylose, B.E. I had a
strong affinity for the gel, and the electrophoretic mobility of the protein band was
much lower (R, 0.09) than that in the absence of the amylose. Although the running
gel with amylose gave a bluish-purple stain with an iodine reagent, the enzyme-
activity band could not be stained. This might be because the branching enzyme can
act only in the direction of hydrolysis, on account of the fixation of amylose to the
gel, and the severed fragments diffused outside the gel. However, the R, value
coincided with that of the protein band.

(b) Molecular weight. Duplicate estimates of the molecular weight of B.E. I,
based on gel filtration on Sephadex G-150 and SDS-polyacrylamide gel electro-
phoresis, are shown in Fig. 3. The gel filtration gave a molecular weight of 85,000
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+4,200. The SDS electrophoresis of the enzyme showed a single protein-staining
band with a molecular weight of 92,000 +4,200. Thus, the native B.E. I appeared
to be a monomeric protein, as previously described®->.

(c) Effect of temperature. The temperature dependence of B.E. I activity
in sodium citrate buffer at pH 7.0 is shown in Fig. 4. There is a temperature optimum
of 25-40°, and ~ 359 of the maximum activity at 30° was observed even in an
incubation at 10°. An incubation of the enzyme at 60° for 60 min caused a complete
loss of the activity.

(d) Effect of pH. Fig. 5 shows that B.E. I has a broad pH-optimum that is
dependent on the nature of the buffer used (0.1M each). A maximum activity was
observed in sodium citrate, N,N-bis(2-hydroxyethyl)glycine (Bicine), or phosphate
bufiers at pH 6.5-8.0. The activity in sodium citrate buffer at pH 6.0 was only 569
of that observed at the maximum at pH 7.5. Much lower activities were observed
in Tris-HC] buffer.

(e) Thermal stability. As shown in Fig. 6, B.E. I was very sensitive to a tempera-
ture range between 50 and 60°. The enzyme was stable after heating at 50° and 53°
for 30 min. Although ~ 509, of the original activity was retained after heating at 57°
for 30 min, the enzyme was completely inactivated by pre-incubation at 58 ° for 5 min.

(f) Effects of various metal ions and EDTA. There was no significant inhibition
and activation of B.E. I by Ca?*, Cd?¥, Co2*, Fe?*, Li?*, Mg?*, and Zn?* (at
5mM each) or by EDTA (up to 20mM). However, the enzyme activity was inhibited
by a low concentration of HgCl. (not shown). The activity was decreased by ~50%;
at 60uy HgCl, and completely inactivated at 80uM.
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Fig. 6. Thermal stability of B.E. I. The enzyme solution (1.8 units/mL) was pre-incubated at 53°
(—@—), 55° (—l—), 57° (—A), 58° (—O—), and 60° (—A—) for the times indicated. The
residual enzyme activity was measured as branching-enzyme Assay B (see Experimental).
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Fig. 7. Effect of citrate on B.E. I activity. The enzyme solution (1.8 units/mL) was incubated at 20°
for 60 min in a mixture of 0.1 Hepes—NaOH buffer (pH 7.0) containing potato amylose (1 mg/mL)
and various concentrations of citrate (0-0.9M). The residuai activity was measured as branching-
enzyme Assay B (see Experimental).

TABLEII

THE ACTION OF AMYLOMAIZE BRANCHING-ENZYME FRACTION I ON VARIOUS 2-D-GLUCANS

Substrate ‘tmaz of fodine stain (nm) Decrease (%) in iodine
stain at 660 nm
Before treatment After treatment=
Potato amylose 630 585 67
D.p.-100 amylose 610 570 64
D.p.-17 amylose 510 510 0
Waxy maize amylopectin 540 520 62
Soluble starch 565 545 67

“Reaction was carried out for 120 min at 30°, as branching-enzyme Assay B scaled up to a total
volume of 1 mL. The enzyme concentration was 1.65 units/mL.

(g) Effect of citrate. Fig. 7 shows the effect of citrate at cencentrations up to
09M on B.E. I activity in N-2-hydroxyethylpiperazine-N’-2-ethanesuifonic acid
(Hepes)-NaOH buffer (pH 7.0). The maximum activity was observed at 20mMm
citrate, and the enzyme activity was inhibited by the increasing concentration of
citrate. The activity was decreased by almost 109 at 0.9M citrate.

Action of B.E. I on various x-D-glucans. — As shown in Table II, the branching
action of B.E. I on various x-D-glucans was tested by measurements of A_,, of the
glucan-iodine stain before and after the enzyme treatment; each A_,, moved to a
shorter wavelength, except for the d.p.-17 amylose. For d.p.-17 amylose, both
the 4,,, of the amylose-iodine complex and the absorbance of the iodine stain at
660 nm were not changed significantly by the B.E. I treatment. These results also
indicated the absence of alpha-amylase from the final B.E. I preparation.
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Fig. 8. Chromatography of B.E. II on w-aminobutyl-Sepharose 4B. The enzyvme was eluted with
a linear NaCl gradient up to M (———). Each fraction (53 mL) was subjected to Assays A (—@—)
and B (..A..)- Phosphorylase activity (..§..) was also assayed in each fraction from the coiumn.
The reaction mixture consisted of 0.1nm sodium citrate buffer (pH 6.0), 0.1M Dp-glucose 1-phosphate,
0.29; of soluble starch, and enzyme in a final volume of 0.2 mL. The mixture was incubated for 10 min
at 30°. An iodine reagent (3.8 mL) containing 0.01%}, of I» and 0.1%; of KI in 0.2: acetate was added
and the absorbance was measured at 660 nm.

The K,, value of B.E. I for potato amylose as a substrate was determined by
the iodine-assay method under conditions where the assay had been shown to be
linear with time for each concentration of the amylose used. The value from a plot
of substrate concentration/initial velocity vs amylose concentration was 18 pug/mlL,
which was 109, of that reported previously* for normal maize B.E. L.

Further purification of branching-enzyme fraction II. — This fraction (B.E. II),
which was adsorbed on the first DEAE-cellulose column and eluted with ~0.15Mm
NaCl (Fig. 1), was concentrated by the Amicon ultrafiltration system, and then
dialysed overnight against 4 L of 50mM Tris-HCI buffer (pH 7.5) containing 5mMm
EDTA and myMm DTT. The dialysed enzyme solution was adsorbed on a column
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Fig. 9. Gel filtration of B.E. 1l on Sephadex G-150; branching-enzyme activity, Assay A (—@—)
and Assay B (._A ..). The procedure is described in the Experimental section.



T. BABA, Y. ARAI, T. ONO, A. MUNAKATA, H. YAMAGUCHI, T. ITOH

8l oy (X 9's Il 8'C §0 €11

St 114 Pl £l 1'C oLl §'l V-II 05 1-D Xopuydag b
68 6'LE 01 8y v's §'st £s asosuydag-[Anqouliny-m g
[ £'9 1'0 £0 8l g'ey 095t sso{n|[23-dvdd ‘T
0001 0001 §0'0 90°0 §'09 £'L9 0IgI YOSHYHN) ‘I

g Avssy y Anssy g é.:vu: y Avssy .m Avssy y (ossy (3)

(%) (asoud fo Sufsiin) (saun) wajnad
Pk 114000 21fads Aatgon 010, 00 dais uopvatfLing

SWYTSOUNT HZIVINOTANY WOMA 1T NOLLOVAL dWAZNH-DNIHONVYL 10 NOLLYOLIRINd

NI a18v.L



AMYLOMAIZE BRANCHING-ENZYME 227

ira

o
"
N

Activity (units/endosperm)

0.08}
BESE
0.04t
\i
1‘0 1'4 118 2‘2 2.8 3!6

Days after pollination

Fig. 10. Total content of branching enzyme during endosperm development. Endosperm tissues
(10 g) were ground in a mortar with 10 mL of 50 muM Tris-HClI buffer (pH 7.5) containing SmyM EDTA
and mm DTT, and then filtered through two layers of cheesecloth. The homogenate was centrifuged
at 43,000¢ for 20 min, and the precipitate was resuspended with 5 mL of the extracting buffer and
then centrifuged again. The supernatant solutions were combined and dialysed overnight against
the same buffer. The branching-enzyme activity in the dialysate from normal (—A—) and amylo-
maize (—@—) endosperms was measured as Assay A (see Experimental). For each genotype and for
each harvest date, at least five ears were used for the analysis of the enzyme content.

(1.4 x 13 cm) of w-aminobutyl-Sepharose 4B that had been equilibrated with the
same buffer. The column was washed with 100 mL of the equilibrating buffer, and
the enzyme was then eluted with a linear gradient of 0—M NaCl in the same buffer
(150 mL in each reservoir). Fractions (5 mL) were collected at a flow rate of 20 mL/h
and subjected to Assays A and B. As shown in Fig. 8, two active peaks with Assay A,
or Assay B, were observed in the elution profile. Two enzyme peaks (Peaks I and II)
were eluted with 0.3 and 0.5M NaCl, and contained only activity detected by Assay
A and B, respectively. A peak (Peak ITT) eluted with 0.7M NaCl showed both Assay A
and B activitics. In addition, phosphorylase activity was assayed in each fraction, and
a single peak was observed, which coincided entirely with Peak I. The fractions of
Peak III were combined, concentrated by the Mini-Module NM-3 ultrafiltration
system, and then dialysed overnight against 2 L of 50mM Tris-HCI buffer (pH 7.5)
containing SmM EDTA, mMm DTT, and 0.5M NaCl.

The dialysaie of B.E. II was then filtered through a column (1.6 x 75 cm) of
Sephadex G-150 that had been equilibrated with the same buffer. Fractions (2 mL)
were collected at a flow rate of 10 mL/h and assayed. As shown in Fig. 9, the elution
pattern indicated that B.E. II was separated into two branching-enzyme forms
(B.E. II-A and II-B) differing in molecular weight. From a calibration using standard
proteins on the same Sephadex G-150 coiumn, the molecular weights of B.E. IT-A
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and II-B were estimated to be ~92,000 and ~ 45,000, respectively. Table III summa-
rises the purification of amylomaize B.E. II.

Branching-enzvine content during endosperm development. — As shown in
Fig. i0, whole branching-enzyme in endosperm was observed at all stages from 10
to 36 days after pollination. For both normal maize and amylomaize, the branching
¢nzyime was present at the early stages rather than at the later stages of endosperm
development. The enzyme content in amylomaize endosperm was approximately
one-third of that in normal maize at certain stages of development.

DISCUSSION

Purified B.E. [ from amylomaize endosperms had a molecular weight of
~ 90,000 (Fig. 3). a broad pH-optimum (pH 6.5-8.0), and a low activity in Tris-HCl
buffer (Fig. 5). These properties are simiiar to those of the enzyme isolated * from
normal maize kernels, and it is possible that B.E. I of amylomaize is identical with
that of normal maize, as pointed out by Boyer and Preiss®>. The amylomaize B.E. I
was very sensitive to temperature (Fig. 6). and was not influenced by EDTA and
various metal ions, except for Hg®>*. The inhibition of the enzyme activity at a low
concentration of HgCl, showed a similarity to potato branching-enzyme reported
by Drummond et al.”.

Furthermore, the amylomaize B.E. I was apparently inhibited by increasing
concentrations of citrate (Fig. 7). Of the multiple forms of soluble starch-synthetase
from various plant sources, one form is characterised by its ability to synthesise a
(1—4)-z-D-glucan in the absence of an added primer when a high concentration of
citrate is present™>%-'*'>. We also found that, with a form of soluble starch-
synthetase specific for amylomaize endosperm, the enzyme activity could not be
detected at low concentrations of citrate®!. These findings may indicate that either
stimulation or inhibition of the starch-synthesising enzymes by citrate should be
regarded as having a possible physiological significance in starch biosynthesis, al-
though there is no information about the relationship between the enzymes and
citrate concentration in vivo.

The action of plant branching-enzymes has been reported”-3:32:33, Whelan3?
demonstrated that the minimum d.p. value of the linear chain on which potato
branching-enzyme could act was ~40, and postulated that the branching enzyme
required a double helix as a substrate for branching action and that the d.p. minima
resulted from insufficient stability of the double helix when the chains had d.p.
<40. In the work reported here, each 4., of the iodine stains of various x-p-glucans
was changed by treatment with amylomaize B.E. I, except for d.p.-17 amylose (Table
II). This result indicated that the minimum size of the linear substrate for the B.E. I
was between d.p. 17 and 100, supporting the action of potato branching-enzyme>2.

Although amylomaize B.E. I did not act on d.p.-17 amylose, the enzyme had
an apparent affinity for the d.p.-17 amylose when attached as a ligand to the Sepharose
column (Fig. 2). Gibson et al.3% found that unbranched oligosaccharides of the maltose
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series with d.p. > 6 inhibited branching-enzyme activity from rabbit skeletal muscle.
It seemed likely that d.p.-17 amylose might be an inhibitor for amylomaize B.E. I,
and that the affinity between the enzyme and the amylose could be regarded as a
mutual action due to the inhibitor. When rabbit-liver glycogen or soluble starch was
attached to Sepharose, the enzyme was tightly adsorbed on the aifinity column and
could be eluted only with sodium chleride, resulting in ineffective purification.

The first chromatography on DEAE-cellulose showed the same elution order
as that reported by Boyer and Preiss®. However, the elution profile of B.E. II from
amylomaize endosperms on w-amincbutyl-Sepharose was different from that re-
ported’, in that three enzyme peaks were detected using the dual assay system (Fig. 8).
Of the three peaks, Peak I contained enzyme activity detected only by Assay A and
which coincided with a peak of phosphorylase activity. An isozyme of maize phos-
phorylase that is capable of forming a polysaccharide in the absence of an added
primer has been reported®’-36. This finding, therefore, suggested that the conditions
of Assay A were suitable for the phosphorylase which catalysed the unprimed reaction,
and that the enzyme of Peak I, which was not revealed by Assay B, might correspond
not to branching enzyme but to the phosphorylase. In fact, even when the Peak I
enzyme was incubated under the conditions of Assay A free from rabbit-muscle
phosphorylase a, approximately the same amount of inorganic phosphate as under the
standard conditions could be detected in the reaction mixture.

Gel filtration of the Peak III enzyme, which was considered to correspond to
branching enzyme, on Sephadex G-150 indicated that amylomaize B.E. II could be
fractionated into two branching-enzyme forms, B.E. II-A and II-B, differing in
molecular weight (Fig. 9). A recent report® indicated that B.E. IIa and IIb from
normal maize kernels had molecular weights of 70,000-90,000. The molecular weight
of amylomaize B.E. II-A agreed approximately with those of B.E. IIa and IIb from
normal maize, and B.E. II-B had half the molecular weight of B.E. II-A. The final
preparations of B.E. 1I-A and II-B were not homogeneous by disc-gel electrophoresis,
and still contained alpha-amylase or R-enzyme activity. However, the present result
seemed to imply that, like normal maize*, amylomaize endosperms contain at least
three forms of branching enzyme, namely, B.E. I, II-A, and II-B.

In comparison with normal maize, the tetal content of branching enzyme
observed in amylomaize endosperm was much lower during its development (Fig.
10). The results of the present study suggest that the decreased content of the amylo-
pectin component of amylomaize starch granules might be more closely related to the
reduction of total content of branching enzyme rather than to qualitative changes
of the enzyme. Furthermore, even if the structure of amylomaize amylcpectin is
characterised by fewer branch-points®, the reduction of the content of branching
enzyme in amylomaize also seems likely to lead to an altered structure. Additional,
comparative investigations on the branching enzyme from normal and amylomaize
endosperms, including their detailed mechanism of action, are necessary for a further
understanding of the role of the recessive ae allele in starch biosynthesis.
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