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General Introduction

In the storage organs of higher plants, starch is synthesized and
accumulated in the organelles, amyloplast. Starch is the major reserve

carbohydrate of most higher plants and is found as a water-insoluble

granule which can vary in the size and shape depending on its plant

origin and on the maturity or stage of development. The granules
usually contain two different polysaccharides, amylose and amylopectin.
Amylose is an essentially linear polymer with o-1,4-glucosidic bonds.
In contrast, amylopectin is a highly branched molecule containing ©-1,4-
and o-1,6-linkages.

An ADP-glucose (ADP-Glc) pathway consisting of the enzymuatic
reactions catalyzed by ADP-Glc pyrophosphorylase (EC 2.7.7.27; Fig. 1,
| ‘reaction 1), starch synthase (EC 2.4.1.21; Fig. 1, reaction 2), and starch
branching enzyme (EC 2.4.1.18; Fig. 1, reaction 3), is the predominant

o pathway, if not the sole pathway, for starch synthesis'”. However, the

synthetic mechanisms of amylose and amylopectin are poorly understood.

Starch branching enzyme acts on the already synthesized and/or
elongating amylose chains to form o-1,6-linked branch points. Thus,
this enzyme is a key enzyme for amylopectin synthesis. Multiple forms
~of branching enzyme have been found in various plant tissues, €.g.
spinach leaf®, maize leaf®, maize endosperm®, developing seeds of pea”,

rice’™®

, and germinating castor bean endosperm”. In the starchy
endosperm of maize, three different branching enzymes (BE-1, BE-Ila,

and BE-IIb) have been identified®'®". Recently, we have cloned the

: BE-I ¢cDNA from maize'?, and found that the deduced amino acid

 sequence of majze BE-I is highly divergent from that of the bacterial
branching enzyme'”. To elucidate starch synthesis in rice storage tissues,

" it is essential to characterize each of several forms of branching enzyme
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and establish their primary structures. In Chapters 1 and 2, [ report the
identification of branching enzyme isoforms from developing rice

seeds™® and isolation of their ¢cDNA clones'*",

Moreover, | have
examined the structure/function relationships of two isoforms of rice

branching enzyme, RBE1 and RBE3, in Chapter 3.



i o-glucosyl-1-P + ATP <+—> ADP-Glc + PPi
ADP-Gic pyrophasphorylase

I ADP-Glc + (o-1,4-linked glucose)n —* ADP + (o-1,4-linked glucose)n+1

starch synthase

Il o-1,4linked linear glucose chain — branched glucan with o-1,8-linkages
' branching enzyme

Fig. 1. Biosynthetic reactions in starch synthesis.



Chapter 1

Identification of Multiple Forms of Branching
Enzyme in Developing Rice Seeds, and Molecular

~ Characterization of a Branching Enzyme Isoform,
| RBE1
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Introduction

Multiple forms of branching enzyme have been found in various
plant tissues'”. There are at least two forms of branching enzyme, BE-I
_ and BE-II, in maize kernels. These two forms are distinguishable from
each other in the molecular size (82- and 80 kDa for BE-I and BE-II,

. respectively), amino acid composition, and peptide mapping™'"''". We

" have also identified the cDNA clone encoding maize BE-I from a maize
kernel cDNA library”. The deduced amino acid sequence reveals that
maize BE-] shares a relatively limited sequence identity with bacterial
branching enzyme. In rice seeds, two or three forms of branching
enzyme have been reported to be present”. However, the role of each
_ of the isoforms in starch synthesis is still unclear. Also, Little is known
.'.3:___.'i_'0f the structure/function relationship for this enzyme. In order to
;: ;'elucidate the mechanism of starch synthesis in rice endosperm, we have
'_':'-__'purified and characterized each isoform of branching enzyme from

developing seeds. Moreover, we have characterized the ¢cDNA clones

- coding for an isoform of rice branching enzyme, RBE1, corresponding

to maize BE-I.




Materials and Methods

Materials --- Radioisotopes, [o-7PJdCTP (3,000 Ci/mmol) and o-D-
[“Clglucose 1-phosphate (335 mCi/mmol), were purchased from Bresatec
Vand Amersham, respectively. Nitrocellulose and nylon membranes were
purchased from Advantec (Tokyo) and Amersham (Hybond-N),

respectively. All other regents were of the highest purity available.

© - Rice plants, Oryza sativa L. cv. Nipponbare, were field-grown in 1991 at

the Life Science Laboratory of Mitsui Toatsu Chemicals, Mobara, Chiba.
The seeds were obtained at various stages after flowering, immediately

frozen in liquid nitrogen, and stored at -80 °C until used.

. Purification of Rice Branching Enzyme --- Frozen rice seeds (200 g,
':_:'_ - 10-15 days after flowering) were ground in 50 mM Tris/HCI, pH 8.5,
-::é'-_._.-':containing 5 mM EDTA and 5 mM 2-mercaptoethanol (500 ml) in a
:- mortar and pestle, and homogenized in an electric juicer.  The

. homogenate was filtered through two layers of gauze and centrifuged at

< 10,000x g for 20 min. To the supernatant, solid ammonium sulfate was

added to give 0-70 % saturation, and the mixture was stirred overnight.

 The pellet was collected by centrifugation at 18,000x g, dissolved in a

. minimum volume of a solution consisting of 50 mM Tris/HCl, pH 7.5, 5

" mM EDTA, and 5 mM 2-mercaptoethanol (buffer A), and dialyzed

thoroughly against buffer A. The dialyzed solution was applied to a

" DEAE-cellulose (Whatman DE-52) column previously equilibrated with

‘buffer A. Proteins were eluted with a liner gradient of 0-0.3 M KCI (2

_ liters). Fractions (20 ml) were collected at a flow rate of 35 ml/h and

‘assayed for branching enzyme activity. To the pooled fractions

containing the enzyme activity, solid ammonium sulfate was added to

gave a 70 % saturation. The mixture was stirred for 6 h and
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centrifuged at 10,000x g for 10 min. The precipitate was dissolved in
50 mM Tris/HCI, pH 7.5, containing 5 mM EDTA and 0.2 M KCi
(buffer B), and then applied to a column of Toyopear] HW-55F
previously equilibrated with buffer B. Proteins were cluted from the
column with buffer B at a flow rate of 10 ml/h.  Fractions (3 ml) were
collected and assayed for the enzyme activity.  All purification

procedures were carried out at 0-4°C.

Assay for Enzyme Activity --- Branching enzyme activity was
measured in the direction of stimulation of o-glucan synthesis from ¢-D-
glucose 1-phosphate catalyzed by rabbit-muscle phosphorylase g, as
| described by Boyer and Preiss”, with a minor modification. The
2 '_-:;":f; reaction was conducted in a mixture (0.1 ml) containing 0.1 M sodium
g .i:---;:?fi'_:_--.f;_'__c_itrate, pH 7.0, 50 mM o-D-[“Clglucose I-phosphate (usually 50,000
'_:._.'.c';'pm), 1 mM AMP, 10 mg of rabbit-muscle phosphorylase a (2x
: _-'.:crysta.llized and lyophilized powder, Sigma), and an appropriate amount

o of enzyme. After incubation at 30°C for 60 min, the mixture was boiled

s for 3 min to terminate the enzyme reaction. To the mixture, 10 ml of
glycogen solution (20 mg/ml) was added to co-precipitate the newly
a formed glucans with 75% methanol. The amount of the radioactive,

“ methanol-insoluble material was measured using a liquid scintillation

~ counter (Beckman LSS000TA). One unit of enzyme activity was
~definedas 1 pmol of D-[“Clglucose incorporation from o-d-[“Clglucose
: - l-phosphate into the methanol-insoluble material per min under the

- conditions used.

Antibodies --- Affinity-purified antibody against maize kernel BE-I

* was obtained as described previously'”. Antiserum against potato tuber

type L phosphorylase was a kind gift from Dr. Toshio Fukui at the
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Institute of Scientific and Industrial Research, Osaka University. An 87-
kDa form of rice branching enzyme, termed RBE3, was separated by
SDS-PAGE, as described below, and the gels were stained with
Coomassie brilliant blue R-250. The protein band corresponding to
RBE3 was cut from the gels, passed through a 21-gauge needle, and
suspended in 0.5 ml of phosphate-buffered saline. The suspension was
emulsified by sonication with 0.5 ml of Freund's complete adjuvant
(Difco), and injected intradermally into rabbits. The injection
'. procedure was repeated twice at 2-week intervals. The final injection
was carried out using Freund's incomplete adjuvant. Antisera were
collected every 7 days after the final injection. The antibodies were
purified by fractionation with ammonium sulfate (0-40% saturation)
followed by immunoaffinity chromatography on a column of Sepharose
4B which had been substituted with RBE3 by the cyanogen bromide
2'__";_procedure’8’. The antibodies retained on the column were eluted with
02 M glycine/HCl, pH 2.2, immediately neutralized with 0.4 M
. potassium phosphate, pH 8.0, and then dialyzed against phosphate-

: buffered saline.

| SDS-PAGE and Western Blot Analysis --- SDS-PAGE  was
performed as described by Laemmli'”. Briefly, protein samples were
boiled for 3 min with an equal volume of a solution consisting of 20 mM
_:' Tris/HCL, pH 6.8, 2% SDS, 2% 2-mercaptoethanol, 16% glycerol, and
0.04% bromophenol blue. The gels were stained with Coomassie
- brilliant blue R-250. For Western blot analysis™, protein were separated
by | SDS-PAGE and transferred onto Immobilon-P
'.._.polyvinylidenediﬂuoride (PVDF) membranes (Millipore), using a
. :'_Sartorius Semi-Dry electroblotter.  After blocking with 0.5 % skim

- milk, the blots were treated with affinity-purified antibodies against
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maize BE-I or RBE3, and then with goat anti-rabbit [gG horseradish
peroxidase conjugate. The immunoreactive bands were detected as
purplish black bands after incubation with 0.05% 4-chloronaphthol and
0.0003% hydrogen peroxide in 20 mM Tris/HCI, pH 7.5, containing 0.15
M Nac(l.

Construction of a Rice Seed cDNA Library --- Total RNA from
developing rice seeds was prepared by the selective precipitation method
~with 8 M wurea/3 M LiCl solution, as described previously™®.
Polyadenylated RNA was selected by oligo(dT)-cellulose (Type 7,
- Pharmacia LKB Biotechnology) column chromatography. Prior to
| cDNA synthesis, the polyadenylated RNA (5 ug) was denatured in 10
mM  methylmercury hydroxide for 5 min at room temperature.
Double-stranded ¢cDNA was synthesized from the denatured RNA using a
commercial kit (Pharmacia LKB Biotechnology) according to the
"'.'.rnanufacture‘s protocol. After EcoRI/NotI-adaptor ligation, the cDNAs
:f were inserted into EcoRl-cleaved, dephosphorylated Agtll arms
- (Stratagene). The recombinant phage DNAs were then packaged using

an in vitro packaging extract (Gigapack Gold, Stratagene). The original
titer of the cDNA library was 3.3 x 10° pfu/ml with 2% non-

recombinants.

Screening of a Rice Seed cDNA Library --- Screening of the cDNA
- library was carried out by the plaque hybridization method®”, using the
- cDNA insert of maize BE-I clone, MBY, as a probe'?. The library was
~ plated at a density of 1.5 x 10° plaques/plate (23 x 23 cm). Nitrocellulose
._3: :'Iifts were | denatured, neutralized, baked for 2 h at 80 °C, and
;-.p'rehybridized for 1 h at 42 °C in a solution containing 5x SSPE (1x

- SSPE=10 mM sodium phosphate, pH 7.7, 0.18 M NaCl, and | mM
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EDTA), 0.02% Ficoll 400, 0.02% polyvinylpyrrolidone, 0.02% bovine
serum albumin, and 0.1% SDS. Hybridization was carried out for 16 h
at 60°C in the prehybridization buffer containing 0.1 mg/ml denatured
salmon testis DNA and 2 ng/ml DNA probe which had been *P-labeled
by the random-oligonucleotide priming method™, using a commercial kit
(Nippon Gene, Toyama). The filters were washed in 2x SSC (Ix
SSC=15 mM sodium citrate, pH 7.0, and 0.15 M NaCl) at room
temperature, in 2x SSC containing 0.1% SDS at 60°C, and in 2x SSC at
room temperature, dried, and then antoradiographed at -80°C. Positive
clones were plaque-purified, and the ¢cDNA inserts were obtained by

digestion of the recombinant phage DNAs with EcoRI, and subcloned

N into the EcoR1 site of pUC19.

Northern Blot Analysis --- Total RNAs (usually 20 pg) were

8 separated on formaldehyde-agarose gels, and transferred onto Hybond-N

~ membranes. The blot was probed with ¥P-labeled DNA fragments.

The conditions employed for hybridization were essentially similar to

~ those described previously

2 After washing, the blots were dried and

- analyzed using a BAS2000 Bio-image Analyzer (Fuji Photo Film, Tokyo).

Analytical Procedures --- Protein concentration was determined by

the method of Hartree™ or Bradford®. Nucleotide sequence analysis

- was carried out by the dideoxy chain-termination method®®, using a

S Sequenase Version 2.0 kit from U.S. Biochemical, in both directions.

D - Computer-aided analysis of nucleotide and protein sequences was carried

~ out using a GENETYX program (Software Development, Tokyo).
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Results

Purification of Starch Branching Enzyme from Developing Rice
Seeds --- Crude extracts from developing rice seeds were fractionated by
0-70 % saturation of ammonium sulfate, and subjected to ion-exchange
chromatography on a DEAE-cellulose column (Fig. 2). Four forms of
branching enzyme, termed RBEI, RBE2, RBE3, and RBE4, were
separated by a liner gradient of 0-0.3 M KCl. Further elution of the
column with 1 M KCl yielded no enzyme activity (not shown). Fractions
containing the enzyme activity were separately combined, and filtered
through a Toyopear]l HW-55F column (Fig. 3). A single peak of the
enzyme activity was observed for RBE1, RBE2, and RBE3, whereas
RBE4 was further separated into two peaks (RBE4A and RBE4B). Itis
important to note that, as judged from the elution pattern of branching
enzyme on the DEAE-cellulose column, RBE!l and RBE2 are the
predominant forms of the enzyme.

Western blot analysis using affinity-purified anti-maize BE-I
antibody indicated that the molecular masses of the major
immunoreactive proteins in the RBE1, RBE3, RBE4A, and RBE4B
fractions were 82, 87, 93, and 83 kDa on SDS-PAGE, respectively (Fig.
4, Panels A and B). The RBE2 fraction gave two immunoreactive bands
which migrated as proteins with molecular masses of 85 and 82 kDa
(termed RBE2A and RBE2B, respectively) (Fig. 3). The
immunoreactivites of RBE1, RBE2A, and RBE2B were greater than
~ those of other forms of branching enzyme. Affinity-purified anti-RBE3
. - antibody reacted strongly with the 87-kDa RBE3, but not with the 82-
kDa RBE1, 85-kDa RBE2A, or 82-kDa RBE2B (Fig. 4, Panel C). No
immunoreactive protein band was detected when the blots were probed

with anti-potato tuber type-L. phosphorylase antiserum (Fig. 6). Other
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Fig. 2. Chromatography of branching enzymes from developing rice seeds on

..~ DEAE-cellulose. Crude extracts from rice seeds were fractionated by a 0-70% saturation of
ammonium sulfate, and applied to a DEAE-cellulose column (1.9 x 40 cm). Proteins were eluted

. from the colamn with a linear gradient of 0-0.3 M KCl (-~-- , 2liters). Fractions (20 ml) were
~ collected and assayed for the enzyme activity () and absorbance at 280 nm (@). Numbers (1-4)

indicate the fractions containing RBE1, RBE2, RBE3, and RBE4.
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Fig. 3. Elution patterns of branching enzymes on Toyopearl HW-55F. Each of the

four forms of branching enzyme, after DEAE-cellulose column chromatography, was filtered
through a column (1.9 x 95 cm) of Toyopear] HW-55F. Fractions (3 ml) were collected at a flow
rate of 10 ml/h and assayed for the enzyme activity () and absorbance at 280 nm (@). Note that
approximately one-third of partially purified RBEl and RBE2 from the DEAE-celiulose column
chromatography (Fig. 2) was applied to the Toyopearl HW-55F column.
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;f”e’nzyihe's; "The peak fractions of RBE1 (1), RBE2 (2), RBE3 (3), RBE4A (4A), and RBE4B (4B)
from gel flltratzon on Toyopearl HW-55F (Fig. 3) were subjected to SDS-PAGE (panel A) followed
_by .Wéstern b]ot analy:;ls (panes B and C). The gel was stained with Coomassie brilliant biue
(pa The ‘protein bands indicated by arrows (see panel A) corresponded to 82-kDa RBEI,
2 82—kDa RBE2B 87 kDa RBE3 93-kDa RBE4A and 83-kDa RBE4B, all of which
The blot was also




.8 SDS~PAGE and Western blot analysis of RBE1 and RBE2 from DEAE-
: "'____ose_: column chromatography SDS-PAGE (left panel) and subsequent Western blot
. anaiysrs j_(rlght panel) of RBE1L (/ and ') and RBE2 (2 and 2" from DEAE-cellulose column
._chromatography (Flg 2) Arrowsrepresent 82-kDa RBE!, 85-kDa RBE24, and 82-kiDa RBE2B.
'._:"_"'The- blot was probed by afflmty purlfled anti-maize BE-1 armbody Nete that the amount of 85-
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- Fig. 6. Western blot analysis of partially-purified branching enzymes. The peak
. fractions of RBE1, RBE2, RBE3, RBE4A, and RBE4B from gel filtration on Toyopearl HW-55F
“ were subjected to Western blot analysis. The blot was probed by anti-potato tuber type L
.. phosphorylase: anitserum,
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bands of proteins, which immunoreacted weakly with anti-maize BE-I
and/or anti-RBE3 antibodies, were also found (Fig. 4, Panels B and O).
These proteins may be partially degraded products from each form of
branching enzyme. It should be noted that, as shown in Fig. 4, the ratio
of 85-kDa RBE2A to 82-kDa RBE2B in the RBE2 preparation was
significantly changed after gel-filtration on Toyopear] HW-35F,

Five proteins, 82-kDa RBEI, 85-kDa RBE2A, 82-kDa RBE2B, §7-
kDa RBE3, and 93-kDa RBE4A, were separated by SDS-PAGE,
transferred electrophoretically onto a PVDF membrane, and subjected to
analysis of the amino-terminal amino acid sequences (Table 1). RBEI
possessed two amino-terminal amino acid sequences, Thr-Met-Val-Xaa-
Val-Val-Glu-Glu-Val-Asp-His-Leu-Pro-Ile-Tyr~ and Val-Xaa-Val-Val-
Glu-Glu-Val-Asp-His-Leu-Pro-lle-Tyr-Asp-Leu-, where Xaa was not
identified. These two sequence were related to each other; the latter
sequence lacked two amino acids of the former at the amino terminus. In
addition, these sequences showed a high degree of identity with the
amino-terminal sequence of maize BE-1'"”, as described below.
Unexpectedly, both RBE2A and RBE2B also had two amino-terminal
sequences identical to those of RBE1. The amino-terminal sequences of
RBE3 and RBE4A (Table 1) were not related either to each other or to
those of RBE1. Thus, RBE1, RBE2A, and RBE2B are the same in the
molecular size, immunoreactivity to anti-maize BE-1 antibody, and
amino-terminal amino acid sequence, except that the molecular size of

RBE2A is 3-kDa lager than those of RBE1 and RBE2B (Fig. 4).

Molecular Cloning of an Isoform of Rice Branching Enzyme, RBE]

--- We have recently identified and characterized cDNA clones, termed

. MBY and MB10, coding for maize BE-I'”. The cDNA insert of MB9

was “P-labeled and used to screen approximately 7.5 x 10° recombinant
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Table 1. Comparison of amino terminal amino acid sequences of multiple forms of
rice branching enzymes

Cycle RBE1 RBEZA RBE2B RBE3 RBE4

T(1.1) |[V(5.3) [T{(0.8) |V(0.4) A(32.3) [8(3.3)

M(4.1) [X( - ) [M(0.8) {X( -) A(28.4) [G{15.0)

V{14.8) [V(14.8) {Vv(2.9) [Viz2.9) G(23.3) JA(20.2)

X - ) V{6.5) |[T(0.4) IV{0.7)y |T(0.6) |V(0.7) |A(27.3) [P(13.4)

V(7.7) [E(6.9) |V(2.1) |E(1.2) |V{(lL.9) [|E(s.7) IS{3.2) G(9.7)

Vi{5.1) [E(6.0) {V(1.8) |E(1.3) |V{0.6) [E{8.9) 1G(17.9) |K(10.8)

E(4.8) ([V(6.7) |E(2.3) (V(0.9) |E(6.5) {V{(4.9) |E{16.9) |V(12.4)

E(4.7) ID(3.6) [(E(2.3) [D{0.9) |E(1.1) |D(7.6) |V(20.2) |L{12.9;

V{4.0) (H{2.1) ([V(1.5) |H(0.5) [¥V{1.8) [H(4.2) [M(14.3) [V (11.86)}

D(2.9) |L{4.5) D(1.4) |L(0.8) |D{2.5) |L(7.9) |I{18.7) (P (11.0)

H(1.3) [P(2.2) |[H(0.9) [P(0.3) [H(1.9) [P(6.7) {P{18.3) |G(18.8)

29 IT(2.1)  |L(1.0) (X(0.1) L(2.2) |X(4.8) [E{10.3) |[G(16.3)

P{(1.2) [¥(3.2) (P{0.6} |¥(0.7) {(P{L.7) |¥{5.0) |G(16.9) |G{(9.2)

it | wh | wmh [ ok | ek [ ok | ek b ek | ek | ok
—t
wlo{~Njloja|ls|lw|p|=jo|®|@®|NIO|E RGN
|
=

I(2.0) |D(2.0) |TI(0.4) I{2.6) {D{(5.2) [E(10.3) {S(1.0}
Y(2.4) |L(0.5) [Y(0.7) Y(1.4) |[L(1.5) |8(0.9) D(9.1)
D(4.6) |D{4.6) ID(0.8) D(4.2) [D(4.2) |D(11.0) |D(5.7)
L(1.0) |P(0.3) |X({ -) L(z.1) |P(0.2) {G(7.2) L(8.2)
D(1.0) |K(0.2) |D(0.5) D(2.5) [K(0.7) M&.7) L(2.4)
L(0.5) [P(0.2) P(1.4) |L(2.1) |P(6.3)
20 E(2.7) V{3.4)

The values in the parenthesis indicate lag corrected pico mols.
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phages from arice seed ¢cDNA library in Agti 1. Twenty positive clones
were obtained after two more rounds of screening. Restriction mapping
and Southern blot analysis of these ¢cDNA inserts showed that they were
all related. Therefore, we selected at random three clones, termed
RB12, RB13, and RBI15, for further characterization. The restriction
map and sequencing strategy used are given in Fig. 7. Of these three
clones selected, RB13 contained the longest cDNA insert with a size of
approximately 2.7 kbp.

The nucleotide sequence of the overlapping cDNA inserts contains a
2,460-nucleotide open reading frame, which is flanked by 19-nucleotide
5'-untranslated and 257-nucleotide 3'-untranslated regions (Fig. 8). The
ATG start codon is assigned on the basis of its similarity to the
eukaryotic consensus sequence, as described by Kozak®”. A putative
pdlyadenylation signal, AATAAA, is located at nucleotides 2,683-2,688
and 2,708-2,713.

The 17-residue sequence at residues 1-17 matches the amino-
terminal sequences of RBEI, RBE2A, and RBE2B determined
experimentally (Fig. 8). This result confirms that the isolated cDNA
clones encode RBE1 as well as RBE2A and RBE2B (to avoid complexity,
the term, RBE1, is used for RBEI, RBE2A, and RBE2B hereafter).
The c¢DNA-derived sequence indicates that rice RBEI is initially
synthesized as an 820-residue polypeptide, and that the mature protein
contains 756 (or 754) amino acids, including 9 cysteine residues, with a
calculated molecular mass of 86,734 (or 86,502y Da (Fig. 8). This
value is consistent with that determined for RBE2A by SDS-PAGE (Fig.
4).

Comparison of Transit Peptide Sequences of RBEI with Severa

Amyloplastic Enzymes --- The rice RBE1 precursor as well as the maize
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~ Fig. 7. Restriction map and sequencing strategy for the ¢cDNA clones encoding an
isoform of rice branching enzyme, RBEL.

The scale at the top designates nucleotide
position in base pairs from the 5'-end of RBI3.

The open box represents the mature protein
coding region, and the harched box indicates a putative transit peptide required for translocation of

‘branching enzyme into amyloplast. Arrows indicate the direction and extent of nucleotide
- sequence determined from each site.
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" deduced

nucleotide sequence numbered in the 5' to 3' direction.
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cDNA sequence of an isoform of rice branching enzyme, RBE1 and its
amino acid sequence. The deduced amino acid sequence is shown below the
The amino-terminal sequences of RBE],
The amino

RBE2A, and RBE2B determined by protein analysis are underlined with a wavy line.

- acids are numbered from the amino terminus, and the residues on the amino-terminal side of Thr at
A putative polyadenylation signal is underlined with
Note that RBE1, RBE2A, and RBEZB possessed two amino-terminal amino acid

‘residue | are indicated by negative numbers.
broken lines.

sequences which started from Thr and Val at residues 1 and 3, respectively.
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BE-I does not possess a typical signal peptide sequence (Figs. 8 and 9).
Since branching enzyme is located in the amyloplast of seed endosperm,
this enzyme probably contains a leader sequence necessary for transport
into the amyloplast. The 64-residue sequence at residue -64 to -1
preceding the amino terminus of the mature RBEI is rich in hydroxylic
(23% as Ser and Thr) and basic (14% as Arg and Lys) amino acids, and
contains an acidic amino acid (Asp) only at residue -44 (Figs. 8 and 9).

Thus, the amino-terminal leader peptide of the RBE1 precursor is similar

- in amino acid composition to the transit peptide of potato phosphor ylase

amyloplast

precursor, which is nuclear-encoded and transported into the

2 The putative transit peptide of the RBEI P ecur sor

" shares a significant degree of sequence identity (53%) with that of the

maize BE-1 (Fig. 9), but not with those of ADP-glucose

" pyrophosphorylase® and waxy protein’’.

Branching Enzyme Belongs to a Family of Amylolytic Enzymes ---
Sequence alignment of mature rice RBE1 to maize BE-1 shows 86%
“identity (Fig. 9). Interestingly, the sequence in the carboxyl terminal
region 1s poorly conserved. RBEI contains nine cysteine residues, five
of which are conserved between the rice and maize proteins. Since plant
branching enzyme requires free sulfhydryl groups for the activity’, the
conserved cysteine residue(s) may play an important role in the
enzymatic function without formation of disulfide bonds. Recently, we
have demonstrated the sequence conservations of four regions, which

_constitute the catalytic sites of amylolytic enzymes such as o-amylase, in

- maize BE-1'"”. The sequences of these four regions are identical

'- between the rice and maize proteins (at residues 271-276, 341-349, 400-

_"_4-03, and 464-469 in the rice sequence, see Fig. 8), indicating that both

. rice RBE! and maize BE-I belong to a family of amylolytic enzymes.
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RBE! shows only a limited sequence identity with E. coli branching
enzyme'” (Fig. 10). However, the sequence corresponding to the four
active-site regions of amylolytic enzymes, as described above, are highly
conserved between these two proteins. The overall sequence identity of
RBE1 is 23% with the E. coli enzyme. The amino acid sequence of
potato branching enzyme has been recently reported™®.  The sequence
identity of the RBE1 was 81% with the potato branching enzyme (Fig.
10).

Accumulation of RBEI during endosperm development --- Western
blot analysis indicated that both rice RBEl and RBE3 are produced
specifically in the endosperm tissues of developing seeds (Fig. 11).
Even when the same blot was re-probed by the 10-fold higher
concentration of affinity-purified anti-maize BE-I or anti-RBE3 antibody,
no immunoreactive protein band was detectable in the embryo extracts
(not shown). Thus, it is likely that rice BE-I and RBE3 are endosper m-
specific proteins.

Accumulation patterns of RBEL and RBE3 during endosperm
development were examined by Northern and Western blot analysis (Fig.
12). When the Northern blot was probed by the “P-labeled cDNA
insert of RB13, one major and two minor mRNA signals with the sizes of
2.8, 2.0, and 1.6 kb, respectively, were detected (Fig. 12, Panel A). Of
these three signals, the 2.8-kb mRINA corresponded to the true message
for RBEI, since RNA blot hybridization with the cDNA fragments
covering the 5'- and 3'-end regions gave only the 2.8-kb signal (not
shown). The RBE1 message is abundantly present between the 7th and
15th days of seed development. The level of the message concentration
decreases rapidly after the 15th day of development. The appearance of

RBE1 at the protein level during seed development is significantly
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Fig. 10. Sequence alignment of rice RBE1 with E. coli and potato branching
enzymes. The sequence of the rice mature RBEI (R) is aligned with those of the E. coli (E) and
potato (P) branching enzymes.”**?  Dashes represent gaps introduced to optimize the alignment.
Identical amino acids are indicated by shaded boxes.
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F:g 11. A.ccumulation of rice branching enzymes in embryo and endosperm tissues.
'Sc')lu'ble'pro'teins (20 mg each) from embryo (em) and endosperm (en) tissues of rice seeds har vested
."'__étﬁ_.'i"(')—ls da’yS after flowering were separated by SDS-PAGE (panel A) and subjected to Western blot
~analysis (panels B and C). The gel was stained with Coomassie brilliant blue (panel A). The blots
W_éte pi'_obéd_ by affinity-purified anti-maize BE-I and anti-RBE3 antibodies (panels B and C,
_respectively):
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3 5 7101520 2530 DAF

3 5 71015202530 DAF

; ___g': '12".-" A'c't:liniul'ation of rice branching enzymes during endosperm development.
The: seeds were haxvested at various stages from 3 to 30 days after flowering (DAF). Northern
.fblot analysxs of total RNA was carried out using the RB13 cDNA encoding rice RBE! as a probe
':'('p'auel A): Moreover soluble proteins were extracted from the rice seeds, and then subjected to
estern b!ot analysm usmg affinity-purified anti-maize BE-I and anti-RBE3 antibodies (panels B
__d'C respectwely)
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delayed, as compared with the accumulation pattern of the mRNA (Fig.
12, Panels B and C). Western blot analysis, using anti-RBE3 antibody,
indicates somewhat earlier appearance of RBE3 than found in RBEI1

during development (Fig. 12, Panel C).
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Discussion

Multiple isoforms of branching enzyme are present in developing
rice seeds (Figs. 2 and 3). Three isoforms of the enzyme, RBEIL,
RBE2A, and RBE2B, however, are identical in molecular size, amino-
terminal amino acid sequence, and reactivity with anti-maize BE-I
antibody, except that RBE2A has a 3 kDa higher molecular mass than
RBEl and RBE2B (Fig. 4). The amino-terminal sequences of these
three isoforms match the amino acid sequence deduced from the cDNA
sequence encoding rice RBE1 (Figs. 7 and 8). These data provide
evidence that rice RBE1, RBE2A, and RBE2B are products from the
same gene, and correspond to BE-I in maize kernels.

Two forms of branching enzyme, BE-I and BE-II, were found in
maize kernels™'"'*'”, Maize BE-I is separated from BE-II by DEAE-
cellulose chromatography; BE-I is not bound to the column, but is eluted
with the column wash. In the present study, rice BE-I was bound to
DEAE-cellulose (Fig. 2). The similar observation was reported by
Smyth”, who suggested a difference of surface charges between the rice
and maize proteins. However, our data indicate that rice RBE! shares a
high degree of sequence identity with the maize protein (Fig. 9).
Therefore, other factors, probably including aggregation or a
hydrophobic interaction with other proteins, should account, at least in
part, for the difference.

Although RBE1 is the same protein as RBE2B, as described above,
these two proteins are apparently eluted with different concentrations of
KCl from a DEAE-cellulose column (Fig. 2). This discrepancy may be
because RBE2A is partly changed into RBE2B after elution of the
RBE2A form. In fact, most of the RBE2A form appears to be

converted into RBE2B after the subsequent purification on Toyopearl
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HW-55F (Figs. 3, 4, and 5). Since the amino-terminal sequences of
RBE2A and RBE2B are identical, and since the difference between these
two forms is only in the molecular size (Fig. 4), the conversion must
occur near the carboxyl terminus of the RBE2A form. In a separate
study, we have constructed an expression plasmid carrying the rice RBE1
cDNA fragment at nucleotides 215-2739 (Fig. 8) in E. coli (see Chapter
3).  Western blot analysis of the soluble extracts from the transformed E.
coli cells showed two protein bands which are immunoreactive with anti-
maize BE-I antibody and exhibit electrophoretic mobilities almost
identical with those of RBE2A and RBE2B (RBE1). Thus, these data
support the possibility that RBE2A is readily converted into RBE2B
(RBE1) by removal of a carboxyl-terminal segment. However, it is not
certain at present time whether the conversion is catalyzed by RBE2A
itself, or by a processing enzyme or other factors.

Rice RBE1 possesses two amino-terminal sequences; one is two
amino acids longer than another. An interesting possibility is that the
heterogeneity results from a post-translational modification of the
synthesized protein molecule.  The alignment of the amino acid
sequences of transit peptides between rice RBE! and maize BE-I
precursors, including the amino-terminal sequences of the mature
proteins (Fig. 9), suggests that a cleavable site of the rice BE-I precursor
is between Pro™® and Ala”’ or between Ala” and Arg™®.  After cleavage of
the peptide bond(s) at these positions, a proteolytic enzyme may delete
the amino-terminal sequence of the mature protein. Alternatively, a
processing enzyme, which is able to split the peptide bond between the
rice mature protein and transit peptide, may differ in the recognition
ability from the maize enzyme, resulting in formation of two amino
termini; the processing enzyme for the rice RBEID precursor may

preferentially cleave the peptide bonds between Lys' and Thr', and
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between Met® and Val® rather than between Pro® and Ala’ or Ala® and
Arg®. These specificties are probably attributed to the stereochemical
structure of the BE-I precursor, and to the charges and hydrophobicities
near the cleavable region. Indeed, as compared with the maize BE-I
precursor, the carboxyl-terminal sequence of the rice transit peptide at
residues -4 to -1 is negatively charged (Fig. 8).

The deduced amino acid sequence of RBE1 indicates that the rice
mature protein as well as the maize protein'” belongs to a family of
amylolytic enzymes (Figs. 8, and 9); RBE!1 conserves possible catalytic
residues required for cleavage of o-1,4-glucosidic linkages, including
Asp, Glu, and Asp in regions II, III, and IV, respectively (residues 345,
400, and 469 in the rice RBE1 sequence, see Figs. 8 and 9, and Refs ).
These data suggest that the central region of the mature RBE1 serves for
cleavage of o-1,4-glucosidic bonds of amylose and/or amylopectin, and
that branching enzyme possesses two enzymatic functions: hydrolysis of
o-1,4-glucosidic linkages and addition (transfer) of the newly formed
reducing-end residue to other o-1,4-linked liner chains. The enzymatic
properties of branching enzyme are similar to those of bacterial
cyclodextrin glucanotransferase, which also belongs to a family of
amylolytic enzymes, but mainly catalyzes the transfer reaction to form

cyclodextrins® .

However, alignment of the sequences between rice
RBE1 and bacterial cyclodextrin glucanotr ansferases shows no significant
similarity in the amino- and carboxyl-terminal regions (not shown). In
addition, other amylolytic enzymes share little sequence similarity in
these regions, expect that the 40-residue sequence of RBE1 in the amino-
terminal region (residues 57-99, see Figs. 8) has a significant similarity
with the sequence of Klebsiella aerogenes pullulanase™ at residues 293-

366 (36% identity)™. To elucidate the mechanism of the branching
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reaction, it is essential to identify the functional domains of the enzyme,

including those in the amino- and carboxyl-terminal regions.
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Chapter 2

Characterization of an Isoform of Rice Branching
Enzyme, RBE3, and Its Physiological Role in Starch
Synthesis
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Introduction

Among various endosperm mutants of plants, including maize, pea,
and barley, the amylose-extender (high-amylose) mutant is character ized
by an apparently increased content of amylose in the storage starch®™
The starch granules of this mutant are different from normal starch
granules in the shapes™, x-ray diffraction patterns®, susceptibility to
starch-hydrolyzing enzymes'™, and solubility in chemical reagents”. 1In
addition to these unusual properties, the anylose-extender starches
contain two abnormal components, an amylopectin with inner and outer

48-50)

branches longer than those found in the usual amylopectin and an

intermediate material with a lower molecular weight than that of

05D The fine structure of the intermediate material in maize

amylose
differs from those of normal amylose and amylopectin; this material has
four or five branches with an average chain length of 50 that are linked
to a main liner chain of 100-150 glucose units™”. Interestingly, the
abnormal amylopectin and intermediate material possess high degrees of

iodine binding capacity™**>*

Therefore, the amnylose-extender starch
should be characterized by its abnormal granular properties and
components rather than by an increased content of amylose. For
instance, a commercial high-amylose maize starch, Amylon 70, which
appears to contain almost 70% amylose, is, in fact, composed of
approximately 25% amylose, 20% abnormal amylopectin, and 55%
intermediate material®®. In rice, Satoh and co-workers™*” have induced
various kinds of endosperih mutants and successively selected the high-
amylose mutants. The starch properties of the rice high-amylose
mutants in the unit-chain profile, x-ray diffractometry, photopastegraphy,
and scanning electron microscopy are all consistent with those of the

: . D8
maize amylose-extender mutants™’ .



The mechanism of starch biosynthesis is not fully understood™. Tt
is interesting to examine the role of the recessive am ylose-extender allele
in starch synthesis of plants, since the mechanism of branch formation on
the amylopectin molecules is different between normal and amylose-
extender starches. In normal maize kernels, there are three forms of
branching enzyme, BE-I, BE-Ila, and BE-IIb™”. One of these three
forms, BE-IIb is deficient in the kernels of anylose-extender mutant'®.
Indeed, the total activity of the branching enzyme in the endosperm of
the amylose-extender mutant is almost one-third of that present in normal
maize during endosperm development'”. Hedman and Boyer™ reported
that a near-linear relationship exists between the dosage of the recessive
amylose-extender allele and the enzyme activity of the deficient BE-1Ib
form. On the basis of this observation, they™ concluded that the
absence of BE-IIb results in the abnormal structure of the amylose-
extender starch. However, Singh and Preiss'” have shown that the
peptide map, amino acid composition, and immunoreactivity of BE-IIb
are essentially identical to those of BE-Ila, implying that these two forms
of maize branching enzyme are products of the same gene'”. Thus,
further evidence seems to be required to establish that BE-1IIb is solely
responsible for synthesis of the abnormal, branched molecules in the
amylose-extender mutant.

We have recently identified four apparent forms (RBE1, RBE2,
RBE3, and RBE4) of branching enzymes in developing rice seeds'.
The amino-terminal amino acid sequence and immunoreactivity with
anti-maize BE-I are identical between the 82-kDa RBE1 and 85-kDa
RBE2A. The carboxyl-terminal region of RBE2A is readily processed
during purification, and the amino-terminal amino acid sequence of the
processed form (RBE2B) is also identical to those of RBE1 and RBE2A.
Thus, RBE1, RBE2A, and RBE2B are products from the same gene.
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Analysis of both genomic and complementary DNAs encoding RBE1
demonstrates that the rice branching enzyme shares a high degree of
sequence identity (86%) with maize BE-1'**”.  Thus, we have concluded
that rice RBE1, RBE2A, and RBE2B correspond to maize BE-I ( to
avold complexity, the term RBE1, denotes RBE! itself, RBE2A, and
RBEZB hereafter). An isoform of rice branching enzyme, termed
RBE3, with a molecular mass of 87 kDa is distinguished from the RBE1
form by the amino-terminal sequence and immunoreactivity'.
Although several forms of branching enzyme have been identified and
partially characterized”®'?, the role of each form in starch biosynthesis is
not clear at the present time.

In this Chapter, I have focused on starch biosynthesis in the
developing seeds of rice amylose-extender mutants.  The results
described here strongly suggest that the starch components with
anomalous structures, characteristic for the amylose-extender mutants,
are due to the lack of the RBE3 activity. The deduced primary

structure of this enzyme is also reported here.
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Materials and Methods

Materials --- Rice cultivar, Oryza sativa L., cv. Kinmaze, and its
mutant lines, EMI10, EM72, EMI29, EMI45, and EMI&Y, were
cultivated at the Agronomy Farm of Kyushu University, Fukuoka, in
1992.  Starches from the mature seeds of these amylose-extender
mutants possessed an apparently increased content of amylose. Another
strain of normal rice plant (cv. Koshihikari) was field-grown at the Life
Science Laboratory of Mitsui Toatsu Chemicals, Mobara, Chiba. The
seeds were obtained at various stages after flowering and stored at -80°C.
Nitrocellulose and nylon (Hybond-IN) membranes were purchased from
Advantec (Tokyo) and Amersham Corp., respectively. Restriction
endonucleases, T4 DNA ligase, and T4 polynucleotide kinase were
purchased from Nippon Gene (Toyama). Radioisotopes, [o-"P]dCTP
(3,000 Ci/mmol) and [y-*PJATP (4,000 Ci/mmol), were purchased from
Bresatec Ltd. (Australia). A ¢cDNA library in Agtl1 was prepared from
polyadenylated RNA of rice seeds harvested 10-15 days after flowering,
as described previously (see Chapter 1}'*'®. All other reagents were of the

highest purity available.

Antibodies --- An 85-kDa form of rice branching enzyme, termed
RBE1, was separated by SDS-PAGE, as described below, and the gels
were stained with Coomassie Brilliant Blue R-250. The protein band
corresponding to RBE1 was cut from the gels, passed through a 21-gauge
needle, and suspended in 0.5 ml of phosphate-buffered saline. The
Suspension was emulsified by sonication with 0.5 ml of Freund's
Complete adjuvant (Difco), and injected intradermally into rabbits (New
Zealand White). The injection procedure was repeated twice at 2-week

Intervals, The final injection was carried out using Freund's incomplete
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adjuvant. Antisera were collected every 7 days after the final injection.
The antibodies were purified by fractionation with ammonium sulfate (0-
40% saturation) followed by immunoaffinity chromatography on a
column of Sepharose 4B that had been substituted with RBE1 by the
cyanogen bromide procedure™. The antibodies retained on the column
were eluted with 0.2 M glycine/HCl, pH 2.2, immediately neutralized
with 0.4 M potassium phosphate, pH 8.0, and then dialyzed against
phosphate-buffered saline.  Affinity-purified antibody against RBE3 was
obtained described previously. GBSS was purified from maize starch
granules by the method of Shure er al> Antiserum to maize GBSS was

produced by intradermal inmjection of the purified from protein into

rabbits.

SDS-PAGE and Western Blot Andlysis --~ Rice seeds were ground
in 125 mM Tris/HCl, pH 6.8, containing 4% SDS, 4 M urea, 20%
glycerol, and 5% 2-mercaptoethanol (0.5 ml of the buffer/seed) in a
mortar and pestle. The homogenate was allowed to stand overnight at
room temperature and was centrifuged at 13,000 rpm for 5 min. The
supernatant solution was boiled for 3 min and then subjected to SDS-
PAGE. The gels were stained with Coomassie Brilliant Blue R-250
(Sigma) or silver-stained using a commercial kit from Wako Pure
Chemical Industries (Osaka). For Western blot analysis®®, proteins
were separated by SDS-PAGE and transferred onto Immobilon-P PVDF
membranes (Millipore), using a Sartorius Semi-Dry electroblotter. The
blot was blocked with 1 % skim milk, probed by affinity-purified
antibody against rice RBE3 at room temperature for 1 h, and then
incubated with goat anti-rabbit IgG horseradish peroxidase conjugate
(Jackson Immunoresearch Laboratories). The immunoreactive bands

Were detected using an ECL Western blotting detection kit from
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Amersham according to the manufacture's protocol. After detection, the

probe was removed by incubation of the blot in 50 mM Tris/HCI, pH 6.8,

- containing 2% SDS and 0.1 M 2-mercaptoethanol at 50°C for 30 min.

- The blot was then reprobed with anti-RBE1 antibody followed by anti-
: ~ GBSS antibody, described above.

Assay for Enzyme Activity --- Frozen rice seeds were homogenized
at 4°C in 50 mM Tris/HCL, pH 7.5, containing 5 mM EDTA and 5 mM 2-
- mercaptoethanol (0.1 ml/seed). The homogenate was centrifuged at
12,000 rpm for 10 min at 4°C. As described previously™'®, branching
enzyme activity in the supernatant was assayed by the stimulation of
. _.phosphorylase a-catalyzed o-D-glucan formation from o-D-glucose 1-
;’phosphate (Assay A). One unit of enzyme activity was defined as 1
-. ﬂmol of D-["C]glucose incorporation from o-D-[“C]glucose 1-phosphate

. per min under the condition described'.

Analysis of Amino-Terminal Amino Acid Sequence --- Highly
purified RBE3 was further purified by SDS-PAGE and transferred onto
‘an Immobilon-P membrane, as described above. The membrane was
' stained with Commassie Blue. The protein band corresponding to RBE3
was cut from the membrane and analyzed by automated Edman
degradation using an Applied Biosystems pulse-liquid Sequencer (model

477A/120A) equipped with an on-line phenylthiohydantoin analyzer.

Isolation of c¢cDNA Clones --- A 38-mer oligonucleotide, 5'-
._ ACIGGCATICC(A/G)TC(A/G)YCA(C/T)TCICC(C/T)TCIGGIATCATIA
C-3', corresponding to the amino-terminal amino acid sequence of RBE3
was synthesized using a DNA synthesizer (Applied Biosystems Inc.) and
.' '. | labeled with T4 polynucleotide kinase and [y-"PJATP. A ¢cDNA library
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of developing rice seed in Agtll was screened by the plaque
hybridization method®” as described previously'®. Hybridization was
carried out at 50°C for 16 h using the **P-labeled oligonucleotide as a
probe. Positive clones were plaque-purified, and the cDNA inserts were
subcloned into the EcoRI site of pUCI9 or pUCI119 for further

- characterization.

Nothern Blot Anadlysis --- Total cellular RNAs (20 ug) prepared

- from various tissues'® were separated on 1.2% formaldehyde-agarose

- gels and transferred onto Hybond-N nylon membranes according to the

manufacturer's protocol. The blots were probed by DNA fragments
 that had been labeled with [o-*PJdCTP, using a random-priming DNA
‘labeling kit (Nippon Gene). After washing, the blots were dried and

analyzed using a BAS2000 Bio-Image analyzer (Fuji Photo Film Co.,
: Tokyo)

Anralytical Procedures --- Nucleotide sequence analysis was carried
out by the dideoxy chain termination method®®, using a BcaBEST
'dideoxy sequencing kit from Takara Shuzo (Kyoto). Protein
‘concentration was determined by the method of Bradford™ using a
commercial kit of Commassie protein assay reagent from Pierce
Chemical Co. Computer-aided analysis of nucleotide and protein
sequences was carried out using the GENETYX program (Software

Development Co., Tokyo).
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Kesults

Characterization of anylose-extender Mutanits of Rice -~ To
exarnine effects of sarch-synthesizing enzymes on amylose-extender
mrutants of rice, crude extracts from the mature seeds were subjected to
Western blot analysis (Fig. 13). When the blot was probed by antibody
against RBE 1 or GBSS, the immunor eactive bands corresponding to 85-
kDa RBE] and 60-kDa GBSS were detected in wild type and five
wrnylose-extender mutants.  Both the intensities of the immunoreactive
'f bands and molecular sizes of the corresponding proteins were almost

identical among these six samples.  Two mutant lines, EM10 and FM 145,

- gave no immunoreactive band when affinity-purified anti-RBE3 antibody

': W».:i’a used as a probe.  Thus, the seeds of the rice amylose-extender
':ﬁ{,ﬂl}t:{ii‘l[’s lack the branching enzyre isoform, RBE3,  However, the bands
'{'i::mirr#::tspcuuiirlg to 87-kDa RBE3 were found in another three mutants,
CEM72, EMI29, and EMI89, as well as in the wildtype. The reason for
this discrepancy is discussed under "Discussion.”

- As shown in Fig, 14, the activity of branching enzyme in soluble
‘extracts of developing seeds harvested at 13-15 days after flowering was
measured.  The enzyme activity included those of RBEI and RBE3.
The level of the specific activity in the @nylose-extender mutants was
'a;.;}proxinmteiy 60-90% of that in the wild type.  Western blot analysis of
the soluble extracts from the developing seeds, using anti-RBE1 or anti-
Rﬁiﬂ antibody, gave similar results as in Fig. 13 (data not shown).
Tims, the decrease of the enzyme activity in the anylose-extender

_:'m ;lt&ms; probably reflects the lack of the RBE3 activity.

i Molecudar Clon ing of an Isoform of Starch Branching Enzyme,
RBE3 — Highly purified RBE3 was separated by SDS-PAGE,
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Flg' 14. A decreased level of branching enzyme activity in developing seeds of
amylose extender mutants. Soluble extracts from developing seeds, harvested at 13-15 days
after flowering, of wild type and five amylose-extender mutants were assayed for branching enzyme
activity, as described under "Materials and Methods." Protein concentrations in the extracts were
also determined to calculate specific activity. Error bars indicate S.D. (nz24),
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electrophoretically transferred onto a PVDF membrane, and subjected to
amino-terminal amino acid sequence analysis. The amino-terminal
sequence was determined to be Ala-Ala-Gly-Ala-Ser-Gly-Glu-Val-Met-
He-Pro-Glu-Gly-Glu-Ser  (or Cys) -Asp-Gly-Met-Pro-Val-. This
sequence shared no significant similarity with the amino-terminal
sequences of RBE1 and E. coli branching enzyme. To isolate cDNA
clones coding for RBE3, a 38-mer oligonucleotide corresponding to the
amino-terminal amino acid sequence of RBE3 at residues 8-20 was
synthesized and used to screen approximately 3 x 10° plaques from a
developing seed cDNA library of normal rice plant. Three positive
clones, termed RB31, RB32, and RB33, were obtained. Restriction
mapping (Fig. 15) and Southern blot analysis of these cDNA inserts
“demonstrated that they were all related. Since the inserts of these three
cDNA clones were almost identical in length (approximately 2.9 kbp),
RB32 was selected for complete nucleotide sequence analysis. The
¢DNA inserts of RB31 and RB33 were partially sequenced.

The composite nucleotide sequence of the overlapping cDNA inserts
encodes a 2,475-nucleotide open reading frame that is flanked by 5'- and
3'-untranslated regions of 127 and 316 nucleotides, respectively (Fig. 16).
The translation initiation site is assigned to an ATG initiator codon at
nucleotides 128-130 because of the similarity of the sequence
surrounding this codon to the eucaryotic consensus sequence described by
Kozak*”. In fact, an in-frame stop codon, TAG, is located 57
nucleotides upstream from the ATG codon. There is no typical
sequence of a polyadenylation signal, AATAAA, near the 3'-end. The
open reading frame encodes a polypeptide of 825 amino acids with a
calculated molecular mass of 92,756 Da. The deduced amino acid
séquence at residues 1-20 matches the amino-terminal sequence of RBE3

determined by protein analysis, as described before, confirming the
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Fig. ES. Restriction map and sequencing strategy for RBE3 ¢DDNAs. The scale at the
top designates nucleotide position in base pairs from the 5'-end of RB33.  The open box represents

the mature protein coding region, and the harched box indicates 2 putative transit peptide required
for iifiilfﬁlﬂcmlcx.n of branching enzyme into amyloplast.  Arrows indicate the direction and extent of
ﬂ_u.{:lcoude sequence determined from each site.
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1 CGGCC CACACCCACA CACCGACCAC CAGGCAGCGC 35
36 CTCCTCGOTT TEGCTCTOGC GTGAGGAGESE TTTAGGTGGA AGCAGAGLGE GGGGGTTGOC GGGGGATICG ATCCGHOTER CUTLCGGGCG 125

126 AG ATGGCGGCGLCGOCGTCTACOO T TCCCGGEAGIGLGGCOCCGITACGOGLNGEHLUCGTOCGGTTCUCCGTGCCAGCUGEHGCCORGAGITGGIGT 224
-5 M A AP A S AV P G S5 A ANGL R AG AV R P PV P AGA R W R -32

225 GCOGOGGOGGAGCTCOCOALGTCCCOETCOCTGLTCTCCGGCOGGACATTCCCUGG TUCCOTTCGIGT COOGIGTTCCGRGGEE TOHGCCOTGCGE 322
-33 A A A E L P T S5 R S§ L L S G RZXIF P GA Y RV GG S5 G GR V¥V AY R -1

323 GCGOCGGGUGUGTCAGGGGAGGTGATEATCCCUFAGGLCGAGAGLGACGGGATGICOU T TCACTAGO T TCAGACO A TCUTGCAGT TGCUAGLITTAGAT 421

1 A A GC A 5 G E ¥y M 1 P g S E S I oo M B VY 3 A G S5 DL GL P AL D 13
D B i il e e e e W P

422 GATGARTTAAGCACGOAGGT TGGAGCTG AAGT TGACAT TGAGTCATC TGCAGCRAGTUALGTTCANG LU TOMEAGAGTCLTTGAAGANT TAGCTGET 520

4 D E L S5 T E VY G ANE Y EI ES S G A5 DY E GV KR VYV EE LA A 66

521 GAGCAGAAACCACGAGTIGTCCCACCANC AGGAGATGGGCAAAAAATATTCCAGATGOAC TUTATSC T T AATGGC TATAAGTACC ATC T I GAATATCGA 619
6 E Q K P R ¥V V P P T G DG Q K I F O % D 5 ¥ L N G Y K Y H L EY R %9

620 TATAGCCTATATAGGAGAC TGCGTTCAGACATTGATCAG TATGAAGGAGGACTGGAAAC AT TTTCTCGCGG T TATGAGAAG TTTGGATTTAATCACAGT 718
190 ¥ 5 L ¥ R R L R $ D I 5 Q ¥ E 6 G L E T f 5 R G Y E X ¥F G F N H 8§ 132

719 GCTGAAGGTCTCACTTATCGAGAATGGCUTUCCCOCCCACATTCTOC AGCAT TAC TAGO TCACTTCAACAAT TGO AATCCAAATGCAGACCOCATGAGS 817
133 A E G V T ¥ R E W A P G A H S A A L V¥V G D F N M W N P N A D RH S 183

818 AAAAATGAGTTTGETGTTTGGGAGATTTTTCTCCOTAAC ARTGCTHATGGC TUATC TCU TATTCCACATCGCTCACG TS TARAGG TGCGAATGSAARCT 918
166 K& N E F G ¥V W E I F L P N N A B G & S5 P2 I P H G 5 R ¥V K ¥V R M E T 198

T917 CCATCTCGTATARAGGATTC TATTCCTOCCTCGATCAAG TACTC TG TGCAGGUCHCAGGAGAMATCCCATACART GO ANTATAT TATCATCCTCCTCAA 1015
199 P 85 G I X p § I P A W I K ¥ 5 V Q A A G & I 2 ¥ ¥ G I Y ¥ b P P E 231

1016 GAGGAGARGTACATATTCAAGCATCCTCAACCTARAAGACCAAAGTC AT TGO GEATATACGAAACTCATG TTEGAATGAGTAGCACGGAGCCAAAGATC 1114
232 E E K Y I F K H P OQ P KR P K S L R I Y ETH VYV G M § 5 7T £ P X I 255

1115 AACACGTATCCAARCTTTAGCGATCAGG TCCTTCCAACAATCAAAMACC TTOCATACAATCCACTCCAAATAATOCC ANTVCARGAGCATGCATATTAT 1213
265 N T Y A N F R D E V L P R I K K L G Y N AV Q I ¥ A I @QE H A ¥ Y 297

1214 GGAAGCTTTCGGTACCATCTCACCAATT TC TP TGCACCAAGTAGTCO T T TCGGOACCCUAGAACAT TTAAAGTCAT TGATT GATARAGC TCATGAGCTT 1312
298 G S F 6 Y KV T N F F A P 8 S R F & T P E DL K S5 L I B K A HE L 330

1313 GGTTTACTTGTGCTCATGGATSTTGTTCACAGCCATCCG TCARAATAAT ACCC TAGAT GGGT TCAACGS T T T TGATGG TACAGATACGCAT TACTTTCAT 1411
331 G L VvV V L M D VYV ¥V H 3 B A § NN T L DG L NG F DG T 8 T H Y F H 383

1412 AGTGGTTCACGCGGCCATCATTGGATGTGGCATTCTCGCCTTTTCAACTATGGEAAT TGGGAAGTTC TAAGATTTC TACTATCCAATCC AAGRTLGTSG 1510
364 5 G S B G H H W M w D S R L F N Y G N W E V L R F L L 8 N A R W W g8

1511 CTCGAGGAGTATAAGTTTCATSGTTTCAGAT T TCACGGTGTAACC TC AATGATGTACAC TCATCATGCAT TACAAGTAGCATTTACGEEUAALTACAGT 1609
397 L & B ¥ K F D G F A F DB G V T 3 M M Y T HHG LQVY AF T G NY § 429

1610 GAATACTTTGGATTTGCCACTCATGCTGATGCAGTAGTTTACTTGATGC TGS TAAATGATTTAATTCATCGACTTTATCC TGAGGCCATAACCATCOGT 1708

430 E Y F G F A T D A D A V V Y L M L Vv HN DL IHG LY P EATITTIG 4862

170% GAAGATGTCAGTGGAATGCC TACATTTGCCCTTCC TG T TCAAGATCGE T CGGSTTCCTTTTCATTATCGCCTTCATATGGUTGTTCCTCAL ARATGGATT 1807
46 £ D V S 6 M 2 T F A L PV QDG GV G F DY R L HEMAVYVPDKYWI 498

ig08 GAACTCCTCAAGCAMAGTCATCAATCTTGGAAGATGGGTGATATTGTGCACACACTGAC TANCAGAAGGTCGTCAGAGARCTSTGT TACT TATGCTGAA 15086
496 EBE L L K Q S D E § W K M G B Y ¥ H T L T N R 8 W 5 E K C V¥ T ¥ A B 528

_. '.':.9 Q7 AGTCATGATCAAGCACTAGTTGGTGACAAAACTATTCCATTCTGGTTCATGCACAAGGATATGTATGATTTTATGGC TCTGGACAGACCGGCAACACTT 200%
529 § H D Q A L V € D K T I A F W L ¥ D XK P MY D F ¥ A L DR P AT P 561

0086 AGCATTGATCGTGGAATAGC AT TOCATAARATGATTAGAC TTATCACAATCGOCTTAGGAGGAGAAGGC TATCTTAACTTTATGGGARATGAGTTCGGA 2104
562 8 I P R ¢ I A L H K ¥ ¥ R L I T M G L ¢ G E G Y LN F MG N ETF G 594

2105 CATCCTGAATGGATTCATT T TCCAAGAGC TCCACAAGTAC TTCCARA TGO TARATTCATCCCAGCGAATAACAACAG TTATGATAAATGCCOTCCAAGA 2203
595 H ¢ E W I D ¥ P R A P O V L PN G XK F I P G N N NS ¥ OKUCR®RRR 627

2204 TTTGACCTGCGTGATGCGGACTATCTTAGGTATCGTAGC ATGC TAGAC TTTGACCGCGCGATGCAGTC TCTCOAGCAAARATATGGGTTCATEACATCA 2302
528 P DL G D A D Y LR Y RG ML EF IDEAM©OQ@S L EEKXKYG FMT S 660

303 GACCACCAGTACATATCTCGAARGCATG AAGAGGATAAGATGATTATATTTGAGAAGGGAGATC TOGTAT T TOTGT TCARCTTCCATTGCAGTARCAGT 2401
661 D K Q Y I S R K H ¥ E P X M I I F E K G D L ¥ F ¥ F N F H W 5 ¥ 5§ 693

2402 TR TGACTACCGTGTTCGTTC TTTAAAGCCACCGARATATAAGGTGGTCTTGCAC TCACATCCTSGAC T TTTG G TGEATTTGGCAGGATCCATCAL 2500
694 Y F D Y R V ¢ ¢ L XK P G K ¥ K V Vv L D § D A G L F &G 6 F G R I H H T26

2501 ACTGCAGAGCACTTCACTGCCGATTCTTCACATGACAACAGGCCCTACTCGTTL TCAGT T TATTC TCC TAGCAGAACC TGCGTTGTCTATGCTCCAGLG 253%
727 T A E H § T A D C S H P N R P Y § F S5 V Y S5 F 5 R T C VV ¥ AP A 759

2600 GAATGA CAAC ACCAAGAGGC AGCATGUAAG TGTGTGCGGC TGCTAGTGCG AAGCAGCANG AAAMITAGT TGCCAGCAAT CTGTGAACGE 2689
160 E -

2690 CTTTCOTAGE TTCTGOTTCG ATCGAATGCCG CGATAGACTAG ACAGCTTGCT TTTGTGCTTT GCGCTCCCAA TTTGTAGTTT TAGITIGTGA 2779
2789 GGGARAGAMA CGTTTATTTG TAATTATCTA TGGCTOTOGA ACGGCGACGA AACCATCAARC CCCGTATATT TOTTGGTACC GTTCGRACTG 2869

2870 CCAGTTATAC ATAGTTCTGC ACTTCTGTAC ATCTTGTGAT GUTTGAATC 2918

Fig. 16. Nucleotide and deduced amino acid sequences of the cDNA encoding an

isoform of rice branching enzyme, RBE3. The deduced amino acid sequence is shown

_'bs:__Iow the nucleotide sequence numbered in the 5' to 3' direction. The amino-terminal amino acid

séquénce of ‘RBE3, determined experimentally, is underlined with a wavy line. Amino acids are

"m_imb_e_re_d from the amino terminus of the mature protein, and the residues at the amino-terminal
_ siqle_frbm residue ! are represented by negative numbers. The conserved sequences of RBE3 with
* the four regions of the catalytic sites of amylolytic enzymes are underlined.
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